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PREFACE 

In what may be termed tlic literature of heavy electrical 
I engineering there is no lack of books on dynamos, motors, 
[ cables, and a host of auxiliary apparatus, but tianaformers 
I haye been aomewhat neglected. The reason may possibly 
I be that scientists have not considered it worth their 
\ trouble to investigate so seemingly simple a piece of 
apparatus as a transformer, vfbilst so much more interest- 
ing problems connected with machinery in motion 
remained to be solved. Practical engineers, on the other 
band, who, in carrying on their profession, must investigate 
whatever they design, cannot be expected to pubhsh the 
result of their researches for the benefit of competitors. 
Notwithstanding the apparent simplicity of the trans- 
former, a study of this appai'atus leads to a number of 
questions which are not only highly interesting from a 
i purely scientific point of view, but are also very important 
'■ for practical or commei-cial reasons. On most alternating- 
current lighting installations the transformers are at work 
night and day all the year round, and cause a waste of 
" power which is always going on. Under these circum- 
stances, even a small improvement in the efficiency of the 
apparatus has a large monetary value, but such improve- 
:> menta can only be made as the result of "careful study 
combined with practical experience, 
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PREFACE. 



The object of the present book is to enable the reader to 
judge the design of transformers and to design such appara- 
tus for himself. The mathematical treatment of the 
subject has been kept as short and as simple as possible. 
I am well aware that through the omission of many theore- 
tical considerations which were not immediately pertinent 
to the practical object I had in view, my book, considered 
as a scientific treatise on transformers, is incomplete. 
I have omitted to include detailed researches on the 
influence of the shape of current and E.M.F. waves on 
hysteresis loss ; I also have omitted the analysis of such 
waves by Fourier's series, and generally the analytical 
treatment of problems connected with transformers. 
These are sins of omission for which I plead the indulg- 
ence of the reader, on the ground that my book is not 
intended for mathematicians or physicists, but for engineer- 
ing students and practical engineers, whose object must 
always be to obtain a maximum of practical success with 
a minimum expenditure of mental labour. 



GiSBERT KJIPP. 



Berlin^ September 1896. 
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Frinciple of action. — If the magnetic tiux A^ passiug 
tlirougli a coil changes, an E.IVLF. is induced in the coil 

wiiicli is ptoportrional to the time-mte of change/ -j-- j and 

the number of turns n. Conversely, if a current be sent 
througli the coil it produces a magnetic flux, threading 
the coil, which is within certain limits proportigpal to the 
current. If this cuiTent changes, a corresponding change 
takes place in the magnetic flux. Let now two coils be so 
arranged that the flux produced by the current in one 
passes wholly or partially through the other, then any 
change in the current strength in the former coil will 
produce an E.M.F. in the latter coil. Such an arrangement 
is shown in Fig. 1, where a ring of iron is threaded through 
the two coils I, II. A current passing through coil I 
produces a magnetic field which passes partly through the 
iron i-ing, and partly through the air surrounding this 
coil. The flux will therefore be strongest in the centre 
ol' the coil, at c, and weakest at b, in the centre of coil II. 
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Tiie iron ring atts as a vehicle for carryiDg the fiuK.' 
produced by coil I througli coil II, though aa au imperfect 
vehicle, since part of the flux is lost on the way. In 3, 
sense, the iron ring may be regai'ded as a magnetic link 
between the two coils. Even without irou the coila can. 
be IJDked together by the magnetic flux passing through 
air. Thus in the position shown, the field produced by 
I would in pait pass through II, though its strengtli 
would be much diminished. The same holds good if the 
two coils are laid upon each other, iu which position a 
somewhat stronger field would jjass through II, though 
not so strong as with an iron i"inn, It', howevor, wliilst 




still omitting the iron ring, the coils a,i'c relatively so 
placed that the axis of I lies in the plane of II, or vice 
versd, then none of the lines produced by I can pass 
through II, and a change in the current passing through 
I cannot produce any E.M.F. in II. By suitably- 
placing the coils, au inductive effect of one upon the other 
can therefore be produced, even without the use of an iron 
link, but the employment of such a link has the advantage 
that not only is the inductive action increased, but it 
becomes to a greater extent independent of the mutual 
position of the coils. An apparatus consisting of two coils, 
interlinked with an iron coil common to both, is called a . 
transformer. 
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It has already been mentioned that the E.M.F. 
produced in II, whicli we may call the secondary coil, ia 
proportional to the time-rate of change of the current 
in the prunary coil I. Since the current in this coil 
cannot alter indefinitely in the same sense without 
becoming infinite, it follows that periods of growing 
current strength must alternate with periods of declining 
current strength. If, then, with a. growing cuiTcnt 
in the primary coil the E.M.F, induced in the secondary 
coil acts in one way, it must act in the opposite way if the 
current diminishes, and it is thus clear that changes in the 
cun'ent strength in the primary coil, even if not accompanied 
by changes in direction, must produce an alternating 
E.M.F. in the secondary coil. This alternating E.M.F. 
produces, in an external circuit connected to the terminals 
of the secondaiy coil, an alternating current. We are thus 
able to convert a unidirected pulsatory cuiTeiit into an 
alternating current, but never into a continuous current. 
Instead of using a pulsating current in the primary coil, 
we may with advantage use an alternating current, and 
thus obtain from the secondary coil another alternating 
current, the E.M.F. of which ia dependent on that of the 
primary current, and on the ratio between the number of 
tiu'QS in the two windings. 

Uaguetic leakage. — Since the lines of force not only pass 
through iron, but in a lesser degree also through air, it 
follows that only part of the magnetic flux in a actually 
threa*.l8 through the secondary coil at h, the rest closing 
roimd the primary coil in air. The difference between 
the flux in a anil 6 will be the gi'eater the farther the 
coile are from each other, and the greater the resistance 
which the iron offei-s to the passage of the lines of force. 
In cousei{uenec of this resistance (sometimes also called 
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luiignetic rcluetauco) liiiua of force are caused to leat outl 
laterally, aud I'orci than a leakage field wliicli does notl 
contribute in any way to the production of E.M.F. in the 1 
secondary coiL The more leakage there is, the smaller is 
consequently the E.M.F, inducefl in the secondary coil 
through an alternating current in the primary coil. 

In order to understauii the conditions which influence 
leakage, we assume for the present that the primary coil 
carries a continuous current, whilst through the secondary 
coil there passes, either no current at all, or also a 
continuous current of such direction as will tend to weaken 
the field produced by the primary current. 

The coil I drives, theu, a magnetic flux iu a certaiu 
dii'cction through the iron ring. If no current flows 
through coil II, then the hues of force have only to over- 
come the magnetic resistance of the iron jiath, which may 
be so small that comparatively few lines are crowdeti out. 
If, however, the coil II also carries a current, it will tend 
to produce a magnetic Hux in the opposite direction, which, 
colliding with the original Hux, must cause a strong leakage 
field, thus weakening considerably the flux actually passing 
through the secondary coil. 

This condition of things may easily be explained by 
hydraulic analogy. Let, in Fig. 2, a ring-shaped tube of u 
porous material be filled with and immersed in water, uid f 
let the water in the tube, as shown by the arrow, be k^t.J 
in motion by a propelling fan I. This fan produces t 
difference of pressiire between its inlet and outlet sid^ 
which pressure is absorbed by the frictionid r 
the tube. Since the pressure above the fan is greate 
than that below, water will, as indicated by the dottS 
lines, pass out through the pores of the tube in its up^ 
half, and enter the tube through the pores iu its lower hal£ j 
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The velocity of the water must consequently be greater at a 
than at h. If the tube is wide and the propelling power of 
the fan small, little head will suffice to overcome the friction; 
and the quantity of water leaking out and in, as well as the 
difference of velocity in a and b, will be small. Let now a 
second fan (II) be inserted at h, which for the present we 
will imagine to be frictionless ; then this fan will be set in 
rotation by tl^e stream of water, but it will not increase the 

Fig. 2. 







leakage nor diminish the velocity of the water. If, however, 
we retard the motion of fan II by letting its spindle 
transmit mechanical energy, the free flow of the water will 
be impeded, and the difference of pressure between the 
upper and lower halves of the tube will be increased. As a 
result, the leakage will be augmented, and the quantity of 
water passing the point cc in unit time will be appreciably 
more than that passing the point h. At the same time the 
speed of fan II will be reduced ; and this for two reasons. 
In the first place because the load on the spindle of II 
must retard its motion, and in the second place because 
the velocity of the water is smaller than before. If we 
wish to limit the loss of speed due to the latter cause, 
we can do so by placing the fan I as near as possible to 
fan II. 
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Now let us substitute for thf porous tube tlie iron i 
and for the two fans the driving and the driven < 
we see that tlie magnetic flux throiigli the driven coil 
(which corresponds to the velocity of the water at h) willj 
be the smaller the stronger the current is in the drivtav 
coil. 

The arrangement of coils shown iu Fig. ] in bad, on 
account of their great distance. It does t 
magnetic flux through the driven coil if 1 rr nt is 

permitted to How through this coil. We p the 

design by spreading the coils each ovei h if th 
ference of the ring, as shown in Fig. 3. I tl as the 




magnetic pressure tending to force the lines through the 
air is no longer constant over each half of the ring, but ib 
attains its previous value only in the points e and d. It 
diminishes on either side of the vertical diameter, and 
becomes zero in a and h. The leakage field is therefow 
not only quantitatively smaller, but, owing to its distribu- 
tion and the distribution of the two windings, its quali^ 
tative influence ia also lessened, as compared with the 
arrangement shown in Fig. 1. 

The distribution of the leakage field may be approxi-< 
mately determined if we remember that the magnetic 
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pressure, which forces tlie lines to leave the ring at any 
point, is proportional to the ampere turns counted up to 
that point. Imagine now the windings evenly distributed, 
and the direction of the currents thus, that the magnetic 
pressure is from iron to air in the upper left quadrant, and 
from air to iron in the lower left quadrant. Corresponding 
pressures must of course exist in the right quadrants. 
Let now the ring be cut at a and straightened out, then 
the zig-zag line in Fig. 4 gives a graphic representation 



of the magnetic pre'^suie producmg loakago. Positive 
ordinates represent a pressure from iron to air, i. e. north 
polarity, and negative ordinates the opposite pressure, or 
south polarity. The leakage lines are shown dotted in 
Fig. 3, but only insid'e the ring. There are, of course, 
also leakage lines in the whole of the air space surrounding 
the ring. If we assume, as a very rough approximation, 
that the magnetic resistance along any path through air is 
the aanie, then the number of lines passing through unit 
surface in any point of the ring will be proportional to 
the magnetic pressure at that point, and the shaded areas 
in Fig. 4 may be taken to represent roughly the leakage 
field. The assumption that all the paths through air 
have the same magnetic resistance is of course not strictly 
correct ; as we are, however, at present only concerned 
Sth a general investigation of the leakage field, it is not 
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^^^ .necessary to enter minutely into the question of Ijow tlio 

^^Fma^etic resistance of any ])articular path tlii'on<r]L the 

^^k air varies, and we may as a rough approximation iiKsiinie 

^H that Fig. 4 represents the leakage field. 

^^1 We have up to thu pix'seut assumed that the two eoila 

^Vicarry continuous currents, but it is obvious that our 

reasoning ap])lies equally to the case of alternating currents, 

provided that the change in direction occurs in both coils 

nearly simultaneously, a condition which is always fulfilled 

in transform ei^s when working under a load. 

Arrangement of coils. — We have seen that u\ yo'tul of 




I leakage Fig. 3 is an improvement on Fig. 1. AV'e may, 

i however, carry the improvement still further by sub- 

[ dividing each unit into several parts. In Fig. 5 we 

( liave six separata coils, arranged to uniformly cover the 

ring, and connected alternately with the primary and 

secondary circuit. The greatest magnetic pressure is also 

in this case at the jimction of two coils ; since, however, 

the number of turns in each coil is reduced to one-third, 

this pressure is also reduced to one-third of its previous 

value. The surface through which linos can leak 

the same time also reduced to one-third, so that the totnl 



iiotal m 
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lenlcage field now only amounts to 35 x 1 = '- of its previous 
value. li', instead of subdivi<ling each oW into threu parts, 
we subdivide it into four, the leakage field would bo rediiced 
to ^ of its previous value, and so on. It will thus be 
seen that, by carrying the princijile of subdivision suffici- 
ently far, we can reiluce the leakage field to any desired 
extent. It could eveu be reduced to zero if we were to 
interweave the primary and secondary coils. This would, 
liowever, load to difficulties as regards insulation, and is 
not necessary, since experience has shown that it suffices 
for all practical purposes to subdivide the windings so far 
as to limit the effective arupfere tiima in each individual 
coil to 500 or GOO. 

Wo have hitherto assumed that tbc magnetic link 
between the two wiiidinjrs is a circular ring, but it will 



m 



i obvious that its geometric iurni ia immaterial, aurl 
that any shape of ring may be used. We might, for 
instance, employ a magnetic link in the shape of a 
rectaiigular frame, and place the coils over the two longer 
sides of the rectangle (Fig. C). The arrangement shown 
on the left corresponds to Fig. 3. In this case there is 
only one secondary and one primary coil, and the magnetic 
leakage must therefore be very great. In the arrangement 
shown on the right, the primary winding is subdivided 
I five coils, which alternate in position with five coils 
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r the aecMMl«y winding. The leakage U there^ i^ 
e<i to about ^i |nr1. AnMber, and with regard to 
re^liictioQ of leakage equally effective, arrangement 
eonst8t4 in placing the coiLs axially witliin each other. 
This arrangement has the advantage of a reduction in 
the number of separate coils to be wonnd and handled, 
whilst at the same time the insulation between primary 
and secondttry coils is of simple shape (plain cylinders}, 
and can therefore easily be made perfect. 

Fondamental equation. — The E.M.F. induced in a coil 
Ls, by .1 well-known law of electro-dynamics, proportional 
to the number of turns of wire, and the time-rate of 
change of the magnetic flux. In symbols — 

dt 

In order to be able to calculate the E.M.F. occurring at 
any given moment of time, we must know the relation 
between N and t. The magnetic flux N is produced by 
the current passing through the primary coil, and if the 
magnetization of the iron core remains within such limits 
that the permeability may be considered to remain 
constant, then N may be considered to be proportional to 
the primary current. We assume for the present that 
the secondary coil is open, so that no current can flow 
through it which would mask or disturb the magnetizing 
I effect of the priraarj' current. There are, as a matter of 
, certain secondary actions which interfere with th» 
it proportionality of juimary cuirent and magnetie 
, hut tho consideration of these we must postptoieb 
e also asaiuiie that the primary current is obtained fttnik' 
D alternator, the R.M.F, of which follows a tme sine law. 
t is not iilwiiys, and iuileed very seldom, the case ; but 
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it will be shown later on that the equations obtained 
under these assumptions remain applicable in all cases 
ocenrring in practice. 

Imagine, then, a wire coil of one turn, including an area of 
s. square centimetres, traversed at right angles to its piano 
by a magnetic flux, which varies according to a perioflic 
sine function between the limits + A'' and — JV. The 
maximum value of the induction is obviously £ = N -.8. 
Call the time requiretl for the performance of a complete 




cycle from +W to — jV, and back to +A', T, and the 
number of cycles occurring per second — ; then 



Since the E.M.F. is dependent on the change in the 
flux passing through the wire loop, but not on the angle 
at which the lines of force thread through the loop, we 
may replace the rectilinear and oscillating field by a con- 
stant and homogeneous field, provided we revolve the loop 
round an axis in its plane with a speed of — revolutions 
per second. Let, in Fig. 7, the field be represented by the 
• vertical lines, and be the axis around which the wire 
loop is rotated. If the rotation takes place in the direc- 
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tion shown by the arrow, and if we count the time from 
the moment the loop is horizontal, then let, at time t, the 
coil occupy the fingular position a. Through the cutting 
of the lines of force there will be induced in the upper 
half of the loop an E.M.F. directed towards the observer, 
and in the lower half from the observer. In this and all 
the following diagrams we mark these directions respect- 
ively by a dot and a cross inscribed into the little circle 
representing the cross-section of the wire ; these signs 
moaning the point and the feathers of an arrow which 
indicates the direction of E.M.F. or current. 

Let o) be the angular velocity of the loop, then a = w ^, 
and oj = 2 77 ^ ; from which it follows that 

a = 2iT^ t 

The magnetic flux threading through the loop is ob- 
viously N cos a, and its rate of change 

(IN cos a ,^ . da 

Sda . 

^"^^ .// = w = 2 TT ^, wo have for the instantaneous 

value of the E.M.F. the expression 

JiJ = 2 TT ^ Nsin a. 

The loop has only one turn of wire. If there are oi turns 
the same E.M.F. is induced in each, and the total E.M.F., 
measured at the tenninals of a coil of n turns, is therefore 
in absolute measurement — 

B = 2tt ^ N nsin a. 

To obtain it in volts we must multiply by 10"^. If the 
coil is horizontal, the flux threading through it is a maxi- 
mum, aud the E.M.F, is zero (a = v). If the coil is 
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Vertical, i.e. paiullel to the direction of the fiulil, tlie tiiix 
passing tlirougli tlie coil is zero, and the E.M F. has ita 
maximum value — - 

£=2ii-^Nnli}-'' .... (1) 
The instantaneous value of the E.M.F. ia therefore 

£, = E sin a, 
and ttie iustuu tan eons value ol' the uiagnotic Mux is 

if by N we denote ita maximum value. 

Tlieae equations show that between E.M.F. and umgnctic 

tiux there is a difference in phase of a quiu'ter period- 
Imagine now the terminals of the coil connected with an 

incandescent lamp of resistance M. The current /, passing 

through the lamp must vary as the E.M.F,, A\. Calling / 

the maximum value of the current, we should have / =— , 

and 1, = 181)1 a. Although ordinaiily the resistance of a 
lamp depends on and varies with the current, we are 
justified in assuming the resistance in our case to be con- 
. stant, since the changes iu cuiTent strength occur so rapidly 
that the filament has no time to gi^ow hotter or cooler ae 
the current grows stronger or weaker, but assumes a mean 
temperature, and has consequently a constant resistance- 
Let, then, the lamp be fed, first by our alternating current 
derived from the coil, and secondly by a continuous current, 
but let in both cases the filament be raised to the samt) 
temperature, so as to get the same amount of light. The 
lamp will then iu both cases require the same supply of 
electric power, and we may consider the strength of the 
^ntinuous current as a measure of the effective strength 
tthe alternating cuiTcnt. Siuci; /,= I ^in a, we may 



u 
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I'epreHenb ttic inxtauU noons value of an iiltorDatiug currei 
by tlie projection of a vector of length /, which revolv) 
with an angnlar speed of a = 2 tt -~. In the 
uiatmer other quantities of a periodic character may 1 
represented, and the diagrams used for this pui'pose a 
called clock diagrams. Let then, in our case, the maximun 
value of the current be graphically represented to a certail 
scale by the length of a line /. Let the line revolve p 
oue of its ends, and take the projection of the other e 
at stated times. The length of the projection, measure) 
with the same scale, gives the instantaneous value of t 
current. 

To find the total work which was supplied to tlie lamj 
by the current during the time of one period, we shouL 
divide the circle described by the current vector into 8 
HufBcieutly large number of equal parts, distant by the time 
interval i ( from each other, project these joints to gei 
/„ and form the expression S I,^ H A t. This would be i 
laborious process, but it can be simplified if we imagiai 
the additions made twice over by counting togetbe 
such positions of the vector / as are E)0° apart, 
members of the series we liave to sum up' would tha 
be of the form 

B (/* si»*a -y I^ cos a) M = R I-^ A I, 

as will easily be seen by reference to Fig, b, in wliich tl 
vector is shown in two positions difliering by 90' 
projections are O/j and 0/„ and as the sum of tl 
squares is obviously equal / -, we find that each membi 
of our series has the same value, namely M I- At. Left' 
T 



be the number of members, so that j/i = -— ; then we i 
At 

the total work dune by the current during ouu period, b; 
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multiplying the value of one member of the series by m 
and dividing by 2, the latter because we have by taking 
the vectors in pairs counted them twice over. The work 
done during one period is 

"~2~ 
and the power ; that is, the rate at which work is done is 

^~ 2'' 

If the lamp is fed by a continuous current i the power is 
P = i ^E. Let the power be the same in both cases, then 

Fig. 8. 



i may be considered the eflfective value of the alternating 
current, and will be given by the expression 

i=— £■ (2) 

This relation is of course only valid if the current is a 
sine function of the time. If it follows any other law the 
ratio between its maximum and efifective value will be 



given, not by J 2, but by some other co-efficient. If by 



1 TliANtiFOllMEliS. 

I wc (Icuote tbc instautaiioous, and by i the effective, 
value of the current, we have for any form of current 
curve 

A = / I' Edt = TIii'' 



'/'"- 



V 



1 n 
17 ^''^ 



i= / -J I'dt .... (3) 



In words : The effective cunent is the square root of the 
mean squares of the instantaneous values. 

The same reasoning apphes, of coui*se, to the pressure at 
the teiminals of our coil, and in fact to any alternating 
E.M.F. Since in all instruments intended for the measure- 
ment of alternating pressure (hot wire, electrostatic and 
electro-dynamic) the action is dependent on the square of 
the E.M.F. applied to the instrument, the quantity actually 
indicated is the square root of the mean squares ; or in 
symbols — 

c;= /-I./ EUlt .... (4) 



/I r '■ 



If E changes according to a sine law so that the instant- 
aneous value Et = E sin ^ir '•^ t, where E is the maximum 
value of the E.M.F., then is the eifective value 

E 



It has been previously shown that i/ = 2 7r --^ i\^7ilO-^ 
represents the maximum value of the E.M.F. in volts in- 
duced in a coil of n turns through which the magnetic 
flux N passes, if the frequency is ^ complete cycles per 
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second. Combining er|uation 5 with this expression, we 
obtain 



P72 
B = 4-44~J\^nlO-« (6) 

This is the fimdamental equation for the determination 
of the effective E.M.F. in the coils of a transformer, pro- 
vided the E.M.F. curve is sinnsoidal. For other shapes of 
the E.M.F. curve the equation will be given in the next 
chapter. Equation 6 applies, of course, to both the primary 
and secondary coils. If we distinguish the corresponding 
quantities by the indices 1 and 2, and assume for the pre- 
sent that the flux is the same in both coils, we have 

^f, = 4'44 ~ Nn,W'^ 
e^ = 4'44 ~ jV«, 10-« 
ese equations ai'e therefore only applicable if there be 
no magnetic leakage. If there be leakage, a correction 
must be applied, as will be shown later on. 

Since the current does work which is absorbed by the 
primary coil, the direction of e, must, on the whole, be op- 
posed to the direction of the current. The secondary coil 
gives work to its external circuit, and the secondary cur- 
rent must therefore, on the whole, be of the same direction 
as e^. The power supplied to or given off by the trans- 
former can, however, not generally be considered to be 
correctly represented by the product effective current x 
effective pressure, since the phases of these two quantities 
are, as a rule, not coincident ; that is to say, the current 
attains its maximum value at a different time from the 
E.M.F., and the times at which they pass through zero are 

different. In the primary coil the product of instant- 
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aneous current and instantaneous E.M.F. is therefore not 
always negative, and in tlie secondary coil this product is 
not always positive ; the work impressed on or given off 
by the transfonner during the time of a period is therefore 
smaller than i'^i /i and Tcz^ respectively. The deter- 
mination of the tnie work and true power will be given in 
Chapter IV. 



CHAPTER II 

LOSSES IN TRANSFORMERS — INFLUENCE OF THE E.M.F. CURVE ON 
HYSTERESIS LOSS — INFLUENCE OF THE SHAPE OF CORE AND COILS 
UPON THE LOSSES — CORE AND SHELL TRANSFORMERS. 

Losses in transformers. — The losses occurring in trans- 
formers are of various kinds. There are first of all losses 
due to the ohmic resistance of the coil, causing so-called 
" current heat." These may be easily determined by 
Ohm's law, and need no further consideration here. Then 
there may be losses caused by eddy currents in the con- 
ductors, or other metallic parts of the apparatus. To 
calculate these is exceedingly difficult, and often im- 
possible ; on the other hand, it is always possible, by 
suitably placing or subdividing the metallic parts of a 
transformer, to reduce the eddy current losses so far as to 
make them a negligible quantity. Finally, we have to 
consider the losses occurring in the iron core, which are 
due to two causes : hysteresis and eddy currents. 

If the induction in the core passes through a complete 
cycle from + B through zero to — J5, and back through 
zero to + ^, a certain amount of electrical work is trans- 
formed into heat. This amount depends on the quantity 
and quality of the iron affected, and the maximum value 
of the induction. The corresponding power is proportional 
to the frequency, but is independent of the shape of the 
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wave representing the iadaction, provided there is in 
cycle only one maximum and one minimum. Accordi 
to Steinmetz, the work lost per unit weight of iron t 
cycle is represented by an expression of the form 

A =/../;'", 

where ft is a co-efficient depending on the quality of tl 
iron, and on the magnitude of the unit of weight we hai 
chosen. 

The magnetic flux surging to and fro within the maf 
of the iron produces in it E.M. forces, wliich in turn giv 
rise to eddy currents, and thus cause loss. Let us assum 
an iron core of rectangular cross-section with mdm a 
8; and let us compare different sections all of the 
width a, but of different thickness 8, this dimension bei 
however, always small in comparison with a. The E.M.E 
producing eddy currents must obviously be a maximui 
in the contour of the rectangle, that is, the skin of th 
core, and must be proportional to the whole of the fluj 
passing through the cross-section ; namely 71 a 5. For 
given value of B the E.M.F. varies therefore as a 8, an 
tlie same holds for all the smaller E.M. forces whisl 
occur in the lower layers throughout the mass of thi 
metal. The currents are inversely proportional to th^ 
resistances of the different layers, tliat is to aay, the larger 
8 the smaller are all the resistances, and the stronger d 
all the eddy currents. With increasing thickness 8 i 
L have therefore a proportional increase in the E.M,F., pi 
I ducing eddy currents, and an increase in quadratic ral 
^ of these currents themselves. The power 
I .therefore as 61 
K For a core of circular cross-section the E.M.F. in eac 
(layer must obviously bo proportional to the square of ii 
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diameter, whilst for layers of siiuikr pryportious (railial 
thickness of the layer a definite fraction of its diameter) 
the resistance is constant and independent of the diameter. 
The currents are therefore proportional to the square of 
the diameter, and the losses increase as the fourth power 
of the diameter. 

In order to reduce these losses, it is therefore only 
necessary to reduce the diameter or the thickness 5, that 
is to say, the core must not be solid, but made up of 
wires or plates. In a wire core the loss is proportional to 
the fomiih power of the diameter of the wire, and in a 
plate core to the third power of the thickness of tlie 
plates. By reducing the thickness to one-half or a third, 
the loss may thus be brought down to 1 or ijV of its 
previous value respectively. It is thus possible to make 
the loss negligibly small by using phites thin enough, but 
in practice the subdivision is not carried to the extreme 
limit, because the expense involved and the loss of space 
through insulation would outweigh the possible gain. It 
is sufficient to carry the subdivision to such a point that 
the eddy current losses become reasonably small, and this 
point has been found in practice to lie between a thickness 
uf plates of 0-35 to O'o mm. (14 to 20 mils,}. The 
stouter plates are used for frequencies of about 50, and 
the thinner plates for higher frequencies up to about 100. 
For a veiy low frequency and a low induction, plates 
thicker than ?r mm. may be used. How far ifc is per- 
missible to increase the thickness of plates can best be 
shown by an example. Let us assume that we have 
found in practice plates of a mm. suitable for — = 50 and 
/J = 4,000, and that we have to design a transformer for 
— = 20 and n = 3,000. How thick may the plates be 
made in order to have the same eddy current less |K'r 
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kilugiaiii of irou ''. In tie transformer for oO fre(|ueucy tJl 
E,M,F. which produces eddy cuiTciita is projwrtional td 
ii — = 20(J,UO0. If ab tkti lower freiiueDcy aud luwm 
inducliuu we use the same thickuesy of plates, the E.M,E 
would be proportional to 20 x 3000 = 00,000, or onlj 
■3 of the former value. Since the loss is proportional t 
thii square of the E,M.F., it would amount to only ■OD o 
its former value. As, however, the aamu loss 
iiiiMsible in the second ciiso, we may increase the thicknea 
of the pkitod in the ratio 



v 



We may thus use pktuK of 11 mm. (43 mils.) tliickuess, 
and yet only lose as much power per kilogifim of iron s 
in the former case. 

If, as is always the case in practice, the thickness of tl 
plates is such as to make the eddy cun-ent loss uniin 
portant, then its exact and separate determination becomsi 
unnecessary. It forms only a small fraction of tl« 
hysteresis loss, and may therefore be determined jointl 
with the latter. It suffices for practical purpoaes i 
measure the joint losses in sample plates of about th 
usual thickness, and with inductions and periodiciti 
Buch aa are generally employed ; the results may then \ 
used to predetermine the joint loss for thicknesses i 
periodicities, not differing too widely from the reapectiv 
values obtaining in the experiments. I have made a 
experiments with finished transformers and with 8am|4 
of plates, using for the latter purpose the special mes 
instrument which is described in Chapter VII., and 1 
thus determined the relation which exists between tl 
s of work per cycle at diflerent inductions. The thicJ 




ness of tlie plates varied between '4 aiicl "o mm. (IG and 
2U mils.), and the periodicity between 50 aud 75. Since 
oddy current losses form only a veiy small fraction of tlie 
bysterasLs losses, the variation of the periodicity between 
the narrow limits of 50 and 75 does not materially 
influence the magnitude of the joint loss. The results of 
my measurements are graphically represented in Fig. il. 
For convenience this figm-e gives, not the loss of work 
per cycle, but the loaa of power calculated for a frequency 
of 100 cycles per second. For a different frequency the 
losses must be proportionately altered. Two curves are 
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given ; the upper represents oi-dinary wrouglit-ii-ou plates 
of fair quality, the lower plates of extra good quahty_ 
specially rolled for use in transformei-s. The dotted 
curve gives the permeability, which baa been found by 
measuring the primary current and loss of energy in 
transformei-s when working an open circuit, as will be 
more ftdty explained later on. The permeability has 
been fo\md for both quahties of iron to be approximately 

^tiie same. 

^Influence of the E.M,F. curve on hyBteresis loss,— The 
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shape of the E.M.F. curve ha** not only an influeDce t 

the relation between the efi'ective and maximum E.M.F, 
but also on tlie liysteresiH losa wliich necessarily ac- 
compaikies the production of any given eftbctive E.M.F( 
If we assume that the flux has only one 
each half period, then the hysteresis losis is dependent on 
this maximum and the frequency, but is independent of 
the shape of the E.M.F. curve, and of the shape of the 
curve wliich represents iV as a function of the time. We, 
may imagine a series of N, t curves which all liave tlie: 
same maximum, but are otherwise of different a 
The hysteresis loss with all these will be the same, but 
not the effective E.M.F. Of these curves we would 
naturally prefer that which gives the greatest E.M.F. for 
any given maximum value of the flux. Hince the flux is 
dependent on the shape of the E.M.F. curve, we may 
state the problem also in the following terms. Let thenj 
be at our disposal different alternators, all of which 
produce the same effective E.M.F,, but with differeiib 
forms of E.M.F. curve. That foira is to be selected in 
which the flux, and therefore the hysteresis loss is least. 

To solve this problem it is of course necessary to- 
assume certain forms of E.M.F. curve. As a starting 
point we may conveniently select the sine curve, and t' 
determine what influence an alteration in its shape 1 
on the relation between maximum and efi'ective E.M,F., 
and on the hysteresis loss. Tlie shape may be altered i 
two ways; we may either flatten the curi'e, or make if 
steeper. If we cany the flattening process to its thee 
retically (though not practically) possible limit, we obtai 
a broken line consisting of vertical and horizontal paiifl 
The vertical parts represent the instantaneous change 
— E to + -£", aii'l the ioiigth of each horizontal' 



INFLUENCE OF tHE E.M.F. CURVE. 25 

part represents the time of half a period. Such a curve 
might be obtained by the commutation of a continuous 
E.M.F., but only as long as no appreciable current is 
allowed to flow. With an alternator of special design, 
the rectangular shape of E.M.F. curve might also approxi- 
mately be obtained, though never completely. We are 
therefore justified in regarding this shape as the extreme 
limit of the flattening out of the sine curve with which 
we started. The effective E.M.F., c, is then equal to the 
maximum E.M.F., JS, or in symbols — ^ 

e ^ K 

d N 
Since ^ is a constant for each half period, -^-- must 

^ at 

during that time be also a constant, and the flux must be 

represented by a zig-zag line, with joints having the same 

abscissaB as the vertical parts of the E.M.F. line. From 

Fig. 10 it will be seen that 

dN ^ 4f^N 
dt ' T 

d N 
Since for one turn £ = - — , and since e = E^ we have 

d t 
for n turns 

e = ^^nN 10-s (7) 

For a sine curve we have by (6) 

e = 4-44 ^nN 10-« (G) 

If, then, the effective E.M.F., e, is to be the same in 
both cases, then the induction N must, with a rectangular 
E.M.F. curve, be greater than with a sine curve in the 
ratio of 4*44 ;4; that is to say, the maximum value of 
the flux N must be by 11 per cent, greater, or with the 
same induction B we must put 11 per cent, more iron 
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tlie cjuatiou of a parabola. Since E = ~ tan a, we have 

4 
also 

± T 
For ( = N, = ; from wliich we find 

-4W^ 



N = 



T M 



in absolute mcn^urc. 



B = a ~~ iv^io-* volte. 

Wo soo thus that with a triangular E.M.F. line the 




inaiiimuin E.M.F. is, for the same intluction, exactly 
doubled as compared with the rectangular form, and the 
stress on the insulation is therefore also doubled. The 
point of interest is, however, not the maximum, but the 
effective value of the E.M.F. 
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This is for a quarter period given by the foUowiDg 
equation — 



/4 r 



E = t tan a 



V ^T-J^ *^* ^ r 3 64 

T 1 

e = 4 tan a ^ 

e = -^--- iE=e 73. 

By inserting this value in the above equation for E we 

find 

e = 4*62 ^ N 10~® for one turn, and 

e = 4-62 ^ nN IQ-s (8) 

for a coil of n turns. 

Since the co-efficient is greater than with a sine curve, it 
follows that a smaller induction N with the same quantity 
of iron, or a smaller quantity of iron with the same induc- 
tion, will now suffice to produce the desired effective E.M.F. 

The equations (6), (7), (8) have all the form 

e =^ c ^ n N 10~^ 

and differ only in the co-efficient c, which has the following 
values — 

(1) With a rectangular E.M.F. curve . . c = 4*00 

(2) „ „ sine „ „ ... c = 4*44 

(3) „ „ triangular „ „ . . . c = 4'62 

Imagine now that we have three alternators with 
E.M.F. curves of these shapes, and let us supply the s^me 
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trausformer successively with currents from the»e tnachineE, 
and fit the same E.M.F. The maximum induction A^ will 
be dift'erent in each case. It is greatest in case 1, and 
smallest in case :}. K now we take the iron loss in case 
2, where the E.M.F. is represented by a sine curve as our 
standard of comparison, and call it unity, then the loss 
will be — 

With a rectangular E.M.F. curve 1-11 

With a triangular E.M.F. curve 0-!>6 

The last figure shows that there is, as regards hysteresis 
loss, some, though not an overwhelming advantage in em- 
ploying a machine giving a peaky E.M.F. curve ; whilst, OB 
the other hand, machines with a fiat E.M.F. curve are 
d isad vantageous. 

Influence of the shape of core and ooils npon the loBEes. — 
Since the hysteresis loss i.^ pvopoi'tional to tlie weight of 
iron, we must aim at making this as small as possible. In 
designing the iron core of a transformer, we are limited by 
two conditions. First, the iron of the core must suffice to 
pass the total flux N with a moderate indiiction ; anil 
secondly, its length must suffice for housing the coils. On 
the other hand, it is desirable to make the length of each 
turn of wire as short as po.saible, in order to reduce the 
current heat. These conditions are in part contradictory, 
and cannot each and all be fully met. The best design is 
consequently merely a compromise, and can only be 
obtained by a method of trial and error carried to a point 
at which any further change in dimensions or winding does 
not reduce the sum of all the losses. 

The shape of the cross-section of the core is of great 
importance for the length of wire required in the coils and 

! resistance. Thus, a rectangular shape is worse than a 
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square, since it requires more length of wire for the enclosure 
of an equal area. For the same reason, a circle is better than 
a square of equal area, though if for constructive reasons 
the diameter of the circle cannot be made greater than the 
side of the square (i.e. the condition of equal area cannot be 
fulfilled), then a slight advantage lies with the square core, 

4 
which contains - times the amount of iron as compared 

TT 

with a circular core. Let r be the radius of the circle, and 
2 r the side of the square, b the thickness of the insulating 
covering on the core, and d the depth of the winding. For 
the same induction B and the same number of turns the 
E.M. forces will be in the ratio of tt r^ : 4 r- for the circular 
and square core respectively. The mean length of wind- 
ing is, for the circular core, tt (2 (r+by+d), and for the 
square core 8 (r+8) + 7r d. The E.M.F. induced per unit 
length of winding is therefore proportional to tt t'^ : 
TT (2(r+b) + d), and 4 r- : (H(r+b) + TT d), and the ratio 
between these values is 



2(r+b) + d ^ J ^ 

2(r + b) + ''d 
4 



from which it will be seen that with a square core the 
E.M.F. induced per unit length of winding is greater than 
with a round core, and that the difference becomes the 
more marked the greater the depth of winding. The 
explanation for this paradoxical result (that a square 
core requires less wire than a circular) lies in this, that the 
two cores have not the same area. The square core con- 
tains more iron, and the electrical output is greater. The 
larger apparatus has, of course, an advantage over the 



I 
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»mall<>r wliich more thno onmpensRtj's for tlip Kss ailvan- 
lageous almpe of tlie core. 

It lias alrciwly been mentioned tliat the core «(' a trans- 
former must be built up of wire or plates, in order that 
etldy currents may be avoided. If wire be uaed for this 
purpose, no special insulation is required, and the space 
actually filled by iron is from 78 to 80 per cent, of the 
total. When plates arc used, they must be insulated 
against each other, though no sjtecially good insulating 
medium in required. The insulation may consist of a 
layer of oxide on the plate itself, or a coat of varnish, or 
paper insertion. The latter method of in-sulating is the 
moat reliable, and occasions a loss of space of from 1 2 to 13 
per cent., so that about 87^ per cent, of the total space is 
actually occupied by iron. The available sjiace is, therefore, 
better utiliited with plates than with wire, and for this 
reason, as well as on account of the more mechanical con- 
struction which is possible with plates, the latter are 
nearly always used in the buiidingup of transformer corea 

Core and shell transfDrmetE. — As already explained, the 
action of a transformer is due to the linking together of 
two coils by means of an iron core. This principle of inter- 
linking can be carried out in a variety of ways ; one of the 
simplest is represented in Fig. G. The link is a rectangular 
frame, and the coila are placed upon the two longer limbs 
of the rectangle. Such an arrangement is called a coif 
irn7i^ormn; and is characterized by the fact that most of 
the iron is within the coils, whilst the external surface of 
the coils is everywhere exposed to the cooling action of 
the air. 

Wg may, however, also change the relative position of 
iron and copper. We may assume that the reetangidar 
frame is composed of copper wire, forming the two eoUs, 
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whicli are laid close upon each other, and the external 
cylindncal parts of Fig. 6 of iron discs, or a winding of iron 
wire which forms a tind of iron shell in which parts of the 
coils are imbedded, Such a transformer is called a shell 
transformer. 

Whether the core or the shell type is better cannot be 
generally decided, but depends on a variety of eii-eumstances. 
In the core type, the weight of iron is small and the turns 
of wire short. On the otlier baud, the number of turns 
is great (because N is small), and thus the total weight of 
copper is, notwithstanding the small perimeter (length of 
one turn), fairly large. The length of the path of the flux 
is also great, and the ampere turns required to produce the 
flux are large. On the other hand, wo have the advantage 
that the coils are accessible, and exposed to the cooling 
effect of the air. 

The shell type has the advantage of a short magnetic 
path, which requires but few ampere turns to produce the 
flux ; the coils have fewer turns, and the total weight of 
copper is, notwithstanding the larger perimeter, small. 
It has, however, the disadvantage of requiring considerably 
more iron, whilst the coils are not accessible, nor so well 
exposed to the cooling effect of the air. 

In order to compare in a general way the two types of 
transformer, we may show what effect aitoratious in the 
arrangement of iron and copper have in a particular case. 
For this purpose, we may start with any concrete design 
and alter it in various ways, hut always under the condition 
that the induction in the iron, current density in the 
copper, and total output shall be the same. For the sake of 
simplicity we may assume that the same gauge of wire shall 
be used in all cases, so that the number of turns in each 
coil will be proportional to the winding space. The current 
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aurl pressure bebg the same for all designs, it follows tht 
the flux must be inversely proportional to the windin 
; anJ as the induction is to be the same, it furtbt 
follows tliat the ai'ea of the core and that of the windiii] 
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(inclusive of the space wa'^ted, in insulation), and that of 
the winding space 60 sq. cm. The iron weighs 200 kgr., 
and the mean perimeter of the winding ia HO cm. With 
100 turns of wire we have thus a total length of 119 m. 
Let U3 now alter this design by reducing the core area to 
one-quai'ter of the previous value and quadruple the 
winding space. The iron part will then be 40 cm., but 
only 10 cm. long, in a direction at right angles to the 
plates, and the winding space must now be 12 x 20 cm. 
We arrive thus at the design Fig. 12b. The mean 
perimeter of the cods is now only 78 cm,, but as we must 
have four times as many turns as before, the total length 
of wire has been increased to 312 m., that ia neai'ly 
three times the former length. On the other hand, the 
quantity of iron has been much reduced; it is only 73 
kgr. If the iron is cheap but of good quality and 
copper is dear, then type a. is preferable. With cheap 
copper and bad iron type h will be the better design, 

Both of these designs may, however, be still improved. 
We may, for instance, so alter type « as to embed both 
sides of the coil in iron and thus arrive at a trae shell 
transformer. Fig. 12c. This does not alter the length of 
winding, which is still 110 m., but it reduces the weight of 
iron considerably. The flux through the coil divides now 
to both sides, and only half the previous area is required 
in the outside shell. The iron weight is thus reduced to 
112 kgr. We thus obtain the design of shell transformer 
now largely used in England and America. 

By making similar alterations in Fig. 12b we arrive at 
the type Fig. 12d, which is also a shell transformer, but 
lacks the advantage of a short length of winding. This 
length is as before 312 m. ; on the other hand, the weight 
of iron has been reduced to 59 kgr. This design is only 
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Ijnstifiable if no iron of good quality can be obtzuned, and 
there is no need to be economical in copper. In former 
times, before rolling mills were capable of turning ont sncli 
first-rato transformer plates as now, there was some reason 
for building transformers of this tj-pe. Now-a-daj-s, how- 
ever, excellent iron can be obtained from a variety of mills, 
and there is no reason to practise economy in iron at the 
cost of an increased weiglit of copper. It is therefore 
preferable to alter the design F^. 121- in such way as to 
t save copper, and this can be done by dividing the winding 
[ and placing it upon both limbs. We arrive thus at the 
1 type, Fig. 12f, which is a true core transformer. The 
[ perimeter of the winding is on account of its smaller depth 
I eonaiderably reduced, and the iron weight is not excessive. 
I It is 73 kgr., and the length of wire is 236 m. This 
I t^pe of transformer is much used in England and 
r Germany. 

For convenience of comparison the above results are 
\ sammarized in the following table : — 

Type. 



Weight of Iron. 


Ij^ngthofn 


K.J>: 


Mde,-^ 


210 


119 


73 


312 


112 


119 


51) 


312 


73 


236 



a all these types the magnetic path lies completely in 

. There exists, however, also another tj*pe of trans- 

ler in which the lines offeree pass only partly through 

ron and close themselves through air. This is the ao-' 

hetlgehof! transformer, Fig. 13«., introduced by 

Bwinbume with the intention of reducing the iron loss. 



VOKE ANB HRELL TRANHFORMEIIA 



37 



For this purport! Swinbumo winds the coils upon a, core 
consisting of a bundle of iron wires with theii" ends sprentl 
out like the back of a hedgehog. The lines of force pass 
tlien from one end of the core to the other, through air, aa 
shown by the dotted lines, and hysteresis loss only takes 
place in the small quantity of iron which forms the cors 
proper ; in the shell of ah- surrounding the coila there is, 
of course, no hysteresis loss. This type of transformer 
has not been successful in practice. If we imagine two 
such transformers placed side by side and the ends of the 
iron wires bent so as to meet (Fig. 13fi), we obtain an 
ordinary core transformer, the hysteresis loss in which can 
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Fig. 13. 




only be very slightly gi-eator than in two single hedgehogs, 
the small increase being due to the extra length of iron 
wire required to make a perfect junction between the two 
cores. On the other hand, there must be an increase in the 
hysteresis loss, in each core of the two single hedgehogs, 
because the induction in tho middle of the core is 
considerably greater than at the ends. Tho E.M.F, is of 
course proportional to the mean induction and the 
hysteresis loss to tho ^y of the mean values of B'". It is 

therefore clear that any variation in the value of the 
induction along tho core must result in a greater hysteresis 
lusM than in the case where the iuduction is constant 
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throughout the length of the core. The hedgehog trans- 
former has also another drawback, namely, that it requires 
an exceedingly large primary current at no load. Whilst 
in the types shown in Fig. 12 the no load current is but 
a small fraction (a few per cent.) of the full load current, 
the hedgehog takes with an open secondary up to 60 per 
cent, of the full load primary current. This is a property 
which renders the hedgehog transformer unfit for use in 
central station work where a small day current is of the 
utmost importance. There is however one purpose for 
which this type of transformer is very suitable, namely, as 
a choking coil, whereby its capability of letting large 
cuiTents pass under moderate E.M.F. is the very thing 
desired. For transformer work proper the types shown in 
Fig. 12 are however far preferable, especially the designs 
12c and 12c. 



CHAPTER III 



THE mON PABT— PBOPOBTIOMS OW 
PART — HEATINO OF TBAMSrOailBRS — RBSULTS OP TB8IS — 
SlMEHaiOHS 

Usual types. — The designs commonly used belong all to 
the two great groups of shell and core transformers. The 
former are of the kmd shown m Fig 14, where P and S 

Kg 14. 
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are the primary and secondary coils somewhat oblong in 
shape and placed either within or upon each other, whilst 
the iron part consists of rectangular plates each with two 
openings in which the winding is embedded bo that only 
the rounded ends of the coils remain accessible. In a 
variety of this design the coils are circular, and the iron 
part is arranged in sections placed all round the circle. 
Beyond a slight increase in the coolii^ surface, this form 
has no advantage over the more usual form shown in Fig. 
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11. Tho coils are first woimd and the iron plates 
afterwartlH threiMlcd over them in a manner to be present) 
described. The centre part of the plates K i'omis the coi 
proper which carries the flux tlirougli the coils, wliilst tl 
external part M forms the shell. 



Pig. 15. 




t 



In the core transfurmer the iron part has the shape of 
rectangular frame (Fig. 15), the longer limbs forming tl 
cores K, and the yhorter limbs the yokes J. The primai 
and secondary coils (i* and S) arc cylindrical, and may 1 
placed within each other as shown in the figure, or as 

Fig. 17. 





pile of naiTow discs upon each othoi'. For polyph 
work the core tjfe of translbnner is almost esclusively 
and FigB. 10 and 17 show two aixangements of the 
part for this purpo.'ie. In thefonnei- theyokes /arefoi^ 
of circidar iron discs (lU'iuaturc discs may conveniently 
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and the three cores K are placed at au angular 
itance of 120° from each other and pressed against the 
■okc discs by top and bottom plates of cast-iron with slant- 
ing brackets engaging the tapered ends of the core pieces. 
The cods are placed over the cores as in Fig. 15. In Fig. 
17 the true symmetrical arrangement is abandoned ; the 
three cores JC being in line and joined by top and bottom 
yokes J" precisely as in Fig. 15. Each core is surrounded 
by the primary and secondary coil belonging to one phase. 
The advantage of this design lies in the fact that the yoke 
and core plates are parallel and not at right angles to each 
other, which renders the construction mechanically easier 
and magnetically more perfect. 

ConstmctioiL of the iron part. — In Figs. 14, 15 and 17 the 
plates forming the iron part are shown as complete surfaces 
without any joint between that part which forms the core 
and that which forms the yoke or shell. The use of such 
plates is possible, and would have the advantage that no 
interruption of any kind is offered to the flow of the lines. 
On the other hand, there would be the great disadvanti^e 
itiiat the coils could only be wound after the iron part is 
t up. The wire would have to be threaded through 
fbe openings, and could therefore not be wound on a lathe. 
Moreover if the wire is stout it could scarcely be wound 
properly by hand, and to obtain a proper and rehable 
insulation would be next to impossible, whilst a fault iu 
the insulation could only be detected after the transformer 
is completely finished. These are such serious drawbacks 
that the u-se of closed plates is not commercially possible. 
It is better to arrange the iron part in such way that the 
plates may be insei'ted after the coils are wound and tested, 
and for this purpose some sort of joint in each plate is 
It is true that the joint interrupts the con- 
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tinuity of tlie magnetic path and is la this respect im- 
perfect, but ihe imperfectiou can with a suitable arrange- 
ment of plates be so &r leduceJ as to be without appreciable 
influcDce on the magnetic conductivity of tlie iron part 
taken as a whole. For this purpose the plates are ao 
amingGd and laid upon each other that the joint in ose 
plate is covered by the soUd part of the next. The lines 
of force instead of leaping acruss the joint can then ia 
part pass tlirougfa the sohd metal of the neighbouring 
plates, and since the sur&ce through which they pass Irom 



Fig. 18. 



Fig.1 



filVj 




one plate to the other is immensely greater than thi; 
sectional area of each plate, the magnetic resistance of th^ 
bye-pass becomes negligible, and we may regard the iron 
part so built up as practically equivalent to one having no 
joints whatever. 

The principle here explained may be iUustrated by the 
way the iron parts of some of the usual types of trans- 
former are built up. In the Wcjitin>fhoitse transformer the 
plates are stampings of the form shown in Fig. 18, In- 
1 slits are made to both sides of the central bridge 
SCO forming the core, and the two parts of the shell are 
t up as shown. Id this condition the plate is inserted 
i the coils and the bcnt-up pieces arc beut back so as 
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to lie flat ; the next plate is then inserted from the 
opposite side and its bent-up pieces laid flat. In this 
manner the joints in each plate are covered by the solid 
parts of its two neighbours, and the continuity of the 
magnetic path is thereby secured. 

The core in FcrrarUis transformer (Fig. 19) consists of a 
bundle of straight iron plates which is inserted into the 
coils. The plates are then one by one doubled back to 
form the shell. The length of the plates is such that 

Fig. 20. 




Fig. 21. 




at the joint they overlap shghtly, and thus form an easy 
path for the magnetic flux. 

In the Author's transformer (Fig. 15) the plates for tlie 
core and the yoke are straight, and are dove-tailed into 
each other at their junction as shown in Fig. 20. In order 
to show the construction more clearly the thickness of the 
plates is much exaggerated in this figure. After the iron 
part is built up it is held together at the comers by 
insulated bolts. Since all the plates are rectangular there 
is no waste of material in cutting out. 

In GroniptorCs transformer (Fig. 21) the plates aic cut 
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out in L form ami insertefl into the coUs altemately from 
one side and tho other so as to cover tho joints in one 
layer by the solid parts of the nest. In cutting or punch- 

. iug the plates there is ou account of the special shape 

I Bomc loss of laaterial. 

In stamping the plates for the Westinghouse transformer 

' there is also some loss of material, namely, that punched 
out to form the two windows. To obviate this loss Mordty 

. has altered the design in e^uch way as to utilize the material 

t punched out as tlie bridge-piece or core, Fig. 22. Each 
punching yields two pieces, the shell which is a rectangular 
frame aud the core which is laid across it. The shell 

Fig. 22. Fig. 23, 




ij...- 



3 placed over and the core plates through the coils. 
With the plates made in this way the winding space is of 
course dependent on the thickness d of the core, and can- 
not be chosen arbitrarily as in Fig. IS. The height of each 

window is (/ and its width -, as wilt be seen by Fig. 22. 
L The external dimensions of the shell are 3ii and 2d. Con- 
Itact between core and shell plates only tates place over 
Ethe shaded areas ; in all other parts there is a clearance 
\ between neighbouring plates equal to their tliiclsness. In 
l.oonBequence there is only half the space within the coils 
wtually filled by iron, and to carry the same flux the peri- 
(aetcr of the cuils must be gi-cat(.'r than iu Fig. 18, where 
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the whole space is filled by uosl. To remedy this defect, 
Moidey uses additional stampings of the form shown in 
Fig. 23, which can also be done without any waste of 
materiaL The internal square of side d is used to fill ap 
the interstices in the cotc of Fig. 22, and the two side 
pieces to fill np the interstices in the shelL There are 
thus five pieces required for eveiy two layers, and all the 
material cut np is also utilized. Although the [Mt>portions 
resulting from this method of building up the iron part are 
suitable, it is sometimes desirable to vaiy slightly the 
dimensions of the winding space. This may be done 
whilst still retaining the Mordey system of punching, but 
a slight waste of material is then unavoidable. 

In all the methods of building up described above, the 
principle of breaking joint is maintained and the iron part 
is magnetically equivalent with one having no joints. It 
is however also feasible to abandon this principle and 
build up the iron part with joints between core and yoke 
or core and shelL In Fig. 16 such joints are unavoidable ; 
in transformers of the tj'pe shown in Figs. 15 and 17 they 
are sometimes used to facilitate the fitting up. It is then 
possible to completely finish each part of the apparatus 
and to piece it together ¥rith very little labour. In case 
of repair a coil may be taken out and replaced ¥rithout 
having to take the plates out one by one as is the case 
with transformers constructed as described above. There 
are thus from a practical point of view many advantages 
in the use of joints ; there is however the disadvantage 
that the no load — or idle — current becomes greater, as will 
be shown in the next chapter, and that unless the joints 
are very carefully made there is loss of power through eddy 
currents at the joint. To make the magnetic path as 
perfect as possible, it is of course desirable to reduce the 
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distance between the edges of the plates at the joint asfiui 
as practicable. It is however not practicable to reduce it 
to zero, partly for obvious mechanical reasons, and partly 
because direct contact between the edges would give rise 
to eddy currents. With the design shown in Fig. 16 this 
is at once obviou-s. The plates cross at riyht angles, and if 
there were contact between them there would be formed 
closed circuits through which considerable eddy currents 
would flow and produce heat whilst wasting power. To 
avoid thb defect a i^heet of insulating material must be 
inserted at the joint, and the latter can therefore not be 
magnetically perfect. 

Even where the plates do not cross, but are parallel to 



Fig. 24. 



I 

matenu 



each other, the insertion of a sheet of insulating mat 
18 desirable, as will bo seen on inspection of Fig. 24, which 
represents a joint, metal to metal. Tlie thiclmess of the 
plates is shown exaggerated, and the stout black lines 
between the plates represent the insulation. Althou^ 
the thickness of the plates is supposed to be the same, we 
cannot expect that at the joint insulation and metal will 
register perfectly. There must be portions on the surface 
where there is a slight dLsplacement, so that the insulation 
in part A touches not the insulation but the plate in part 
£, as shown in the figure. It is obvious that in this case 
there is metallic connection between plates a and 6, 
id that eddy currents as indicated by the wavy line must 
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flow, To interrupt the path of such cui'rents we must 
separate parts A aud S by inaerting a aheet of iusiilation 
as shown in Fig. 25. Thus the magnetic resistance of tlie 
joint must be increa-^ed in onler to avoid heating and loss 
of power. 

Proportians of the iron part — The value of a trans- 
former design is largely dependent on the proportions of 
the iron part. If, for instance, the cores in Fig. 15 are 
made very short, the yoke pieces must be made correspond- 
ingly long in order to obtain sufficient winding space. 
At the same time, the depth of winding, and consequently 
the weight of copper is increased, and we thus make the 
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Fig. 28. 






design worse by shortening the cores. On the other 
hand, if to get a small perimeter for the winiling we make 
the cores very long and tliin, we get a long magnetic 
path, and consequently a large no load current. We shall 
do better to increase the core section, and reduce the 
number of turns, but not too much, because of hysteresis 
loss. No hard and fast rules can be given for the best 
proportion, and the only way to determine them is by a 
method of trial and error in a series of tentative designs, 
paying due regard to such questions as the desired 
efficiency, the average and maximum loads, the cost of 
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iron and coj^r, etc. As a starting-poiut for the design, 
the proportions shown in Fig. 26 may be taken. The 
soctiou of the cores and yokes is supposed to be a 3{|uare, 
and if the junctions are made by dove-tailing, the edges 
of the cores may be cliamfcred so fw to reduce the mean 
perimeter of the winding. It ia convenient to bring all 
dimensions into relation with the thickness d of the core 
given in millimeters. We thus have as a first approxima- 
tion to a good design — 

« = 10 + 12d 
S = 100 + 2-Gd 
^ = 10 + 3&i 
7f = 100 + 4-6rf 
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For shell transformers with short cores, the plates 
which are to be punched without any loss of material, 
have (Fig. 27}— 

_ _ '^ 7, _ ^ 



If however a alight w.iste of material is to be permitted, 
the dimension a may be somewhat increased so a^ to 
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get more room for winding and generally better pro- 
portions. 

A = 3-2rf B = 'l-U 

or a = 0-7(' b = d 

The depth of the core a,nd shell measured at right angles 
to the plane of the plates may be Id to M. 

Heating of Transformers. — If a transformer is at work, 
a part of the energy supplied to it is transformed into 
heat which must be dissipated by radiation or convection. 
A necessary condition for this dissipation ia an increase 
of temperature of the transformer over its surrounding 
medium, and this increase is naturally the greater the 
smaller tho surface as compared with the power lost. 

The rise in temperature is thus a function of the " = p- 

if by S we denote the total external surface of the trans- 
former, and by P^ the power transformed into heat, that is 
lost between the primary and secondary. The character 
of this function can only be determined experimentally, 
and varies of course with the type of the transformer 
tested. Is the arrangement such that the external air 
has free access to the iron part and the coils, the cooling 
effect is greater than in transformers placed in a case. 
The rise of temperature 2" = / (o-) will therefore be 
smaller in the fonner and larger in the latter case. If 
the transfonner ia placed in a case the rise of temperature 
will be greater if the case contains air only, than if it ia 
filled with some insulating liquid, such as oil, which con- 
veys the heat more easily to the walls of the casing. 
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^M Tho use of oil as a filltng-in uiaterial, provided it is 
^V absolutely free from moisture, has also the ailvantage of 
^m maintaimng the insulation wlien the tranafonner is erected 
H in the open air or in damp places. Since the load is 
H subject to fluctuations, the temperature of the transformer 

■ as well as that of the air in its case must vary. Thus the 
air in the case expands and contracts slowly, and iii this 
way damp air from the outside is drawn in and may in 
time injure the inaulatiou. This danger is avoided if the 
case be filled with oil, but since the temperature co- 
efficient of oil is great, provision must be raade for its 
expansion, either by not filling the case completely, or 
provitling a stand-pipe. 

The heating of transformers is due to tliree causes ;■ 
hysteresis, current heat, and eddy currents. The hysteresis 
loss is dependent on the mass of iron, the induction and 
the frequency, but is independent of the load. The heat 

■ produced by hysteresis is therefore constant if pressure 
H and frequency are constant, which is nearly always the 
^M case in practice. This heat is developed in the iron. 
^B The current heat is developed in tlie copper, and is of 
^B course proportional to the square of the load. The heat 
^B produced by eddy currents may be produced not only in 
^V the iron, but also in the coils and in other metallic parts, 
^B especially if the winding is so arranged as to produce 
^M considerable magnetic leakage. It is however always 
^1 possible, and for other reasons generally necessary, to so 
^K arrange the winding as to reduce magnetic leakage as 
^H much as possible. The eddy currents ai'e then imim- 
^^B portant, and the loss occasioned by them becomes 
^^K^Ugible. 

^^^ft We need therefore only consider the heat produced by 
^^^Bvsteresis and ohmic losses, The foruier may be determined ' 
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by measuring the power supplied te the primary circuit 
when the secondary circuit is open; the latter may be 
calculated for any load by Ohm's law if the resistances of 
the two circuits are known. We thus find the total loss. 
To determine the corresponding rise of temperature we 
must run the transformer under the corresponding load 
and measure its temperature at intervals. It is advisable 
to use a spirit — and not a quicksilver — thermometer for 
this purpose, since if there should be a little magnetic 
leakage the metal in the bulb of the thermometer would 
itself become the seat of eddy currents, and get heated on 
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that account. If then we plot temperature as a function of 
time, we obtain a curve of the general character shown by 
Fig. 28. The curve rises rapidly at first, and then 
approaches a horizontal asymptote, the ordinate of which 
is the final temperature. This final temperature is 
reached slowly ; with small transformers only after some 
hours, and with large transformers of high efficiency it 
may take several days. To carry out the experiment in 
this way would not only require much time but the 
expenditure of considerable power over a long period, and 
be therefore costly. To avoid this difficulty we may use 
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the expedient of workiug tlie transformer Hgbt, bnt 
supplying to it that amount of power which it would 
lose at full loail. This may be done in one of two ways : 
we may work it light at higher voltage so as to expend 
the whole of the power in hysteresis, or we may send a 
continuoua current through one of the windings and 
regulate ita pressure so as to expend the whole of the 
power in current heat. In the tirat case we heat only the 
iron and in the second only a part, of the copper, so that 
neither method of heating coiTesponds exactly to the 
conditions of regular work.- By combining both methods 
we obtain liowever a sufficiently close approach to these 
conditions. It is convenient to do the heating by alter- 
nating cun-ent during the day when the ma<:hinery of the 
workw is in motion, and that by continuoua current during 
the night when a storage battery may be used. 

BesUlts of tests, — I have in this manner made an ex- 
tended series ol' tests with various sizes of transformers 
and at varioua loada to find the relation between rise of 
temperature and coobng surface per watt lost. All the 
transformers tested were cased in, and the cases sometimes 
filled with oil. The results are given in the two eurvea 
(Fig. 2D). The transformers stootl on a cemented floor in- 
a large covered space, so that the air had access from all 
sides, and some of the beat could also flow away through 
the floor. Had the transformers been tested in the open, 
the rise of temperature would have been somewhat 
smaller; if they had been tested in a confined space it 
would have been somewhat greater than shown by these 
curves. Where the case was filled witli oil no mechanical 
means were used to circulate the oil. 

In using the curve.s (Fig. 29} it should be remembered 
that they refer to trjuia formers worked an indefinitely 
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long time at full load. Most tranaformers, and especially 
those for lightiog puq}03es, are contiDUOusly at work, but 
not always under tiill load. This circumstance should be 
considered in the determination of the cooling surface, 
which must be provided so that the temperature of the 
transformer shall not exceed a certain limit The losses 
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at various periods during the twenty-four hours can be 
separately determined, and thus an average for the loss 
Tf, can be found which inserted into the formula tr = - 

■Pp. gives the correct abscissa to be used in Fig. 20. 

Inflaence of the linear dimensionji. — Machinery and 
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mechanica] appavatufl generally become, as a rule, more 
efficient wlien made on a larger scale, and judging by this 
fact we should expect large transformera to have an advan- 
tage over Hinall, both as regards the efficiency as also the 
amount of material required per Kilowatt output, Witliin 
certain limits this is indeed the case. A 10 Kwt. trana- 
fomior weighs less than 10 transformers of 1 Kwt. each, 
and its efficiency is also higher. But if we compare a 100 
Kwt. and a 10 Kwt. transformer, the advantage of the 
larger apparatus especially as regards weight is not so 
great, and may under certain conditions vanish altogether, 
the reason being that tlie larger apparatus has relatively 
to its weight or bulk a smaller cooHng surface. If the 
power lost per unit of cooling surface and therefore the 
temperature is to be kept within the original limits, the 
magnetic stress in the iron and the electric stress in the 
copper must be less than with the smaller apparatus; 
hence the advantage generally incident to mere size may 
in part or entirely be lost because of insufficient cooling 
surface. As long as the smaller of the two transformers 
is of such a size that the cooling surface is largely in ex- 
cess of what is required, then the large transformer may be 
worked at a higher and yet safe temperature and full ad- 
vantage be taken of the increased size ; hut if the small 
transformer is itself already near the hmit of output i 
determined by temperature, then this limit must also 
determine the output of the large transformer, and the 
better utilization as regards the material is marred by the 
less favourable conditions as regards coohng surface. 

To illustrate by an example. Let us assiime we have |j| 
1 Kwt. transformer which shows at full load a loss of 40f 
watts ; namely 200 watts hysteresis and 100 watt currenl 
heat in each circuit, The total cooling surface is 16,nO( 
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sq. cm. or 40 aq. cm. per watt, giving a temperature rise of 
a little over 50' C. Let the induction be 5000, Now let 
lis double tlie linear dimensiona. With the same induction 
we would get four times the flus, and to get the same 
E.M.F. we should only require one-fourth the number of 
turns in each circuit. But the winding space is four 
times as great as before, so that each wire with its insuk- 
tious may now have sixteen times the area. Since the in- 
sulation neod not be increased in the same proportion as tho 
wii-e, tho latter may have a little more than sixteen times 
the area. At the same time we may use rectangular wire in 
the high-preasure eoil (which with the smaller transformer 
would have been impracticable), and thus also gain some- 
what in conductivity. These are advantages incidental to 
the increaso in size of apparatus, but in order not to com- 
plicate our comparison we shall for the present disregard 
them, bearing however in mind that the results wo obtain 
for the large tranafonner wUI bo less favourable to it than 
is actually the case. 

Let us first consider the low-pressure winding. The mean 
perimeter has been doubled, but the number of turns has 
been reduced to one-fourth. We have therefore half the 
length of wire. Had we used the same gauge of wire we 
would have half the resistance ; since however the section 
of the wire is 16 times what it was before, the resistance is 
only ,j\ of what it was before, Let the small transformer 
be wound for 100 volts secondary pressure. With 100 
ampere at full load and a loss of 100 watts as assumed, we 
should have a resistance of '01 ohm in the secondary 
circuit. The secondary of the large transformer would 
have a resistance of '^ ohm, and at the same current 
density would carry 1000 ampere with a loss in pressure 
of -a volt, Tho same reasoning applies to the primary 
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winding, so that tbe total loss in current heat is 1 per o 
of full load, or 1600 watts. The hj-ateresis loss has increased! 
with the weight of Iron to eight times its former value, 
and amounts also to 1600 watts. We have thus a total loss 
of 3200 watts, or 2 per cent, of the output against 4 per 
cent, in the smaller transformer. The large transformer isi 
therefore, as regards efficiency, very much better than the 
small, provided we can really load it to 160 Kwt. This 
liowever is only poaaiblo if we make special provisiou fat, 
carrying away the beat. We have only four times 1 
cooling surface and eight times the loss of power. The 
cooling surface per watt of loss is therefore not 40 aq. cm; 
as before, but only 20 sq. cm., and the rise of terapei'aturs 
in air without oil or other means of cooling woiJd be 76' 
C, which is inadmissible. With oil the temperature r 
would be 55° C, and this may be permitted. 

To work the small transformer in air and the large in oil 
is however not a fair comparison ; to put both on the same 
footing we must work the large transformer also in air, and 
that is only jjossible if we so far lower the magnetic and! 
electric stress as to reduce the total loss to 1600 watts; 
which will give a temperature rise of 50" C. The hystere 
loss with an induction of 5000 was 1600. From the eurvfli 
Fig. 9 we find that for very good iron each kilogram at B 
= 5000, and ~ = 100 absorbs 1'8 watt. In order to halve 
the loss we must drop the induction to such a value that 
the loss is only "9 watt. From the curve we find that thia 
is the case for B = 3150. The flux and therefore the 
E.M.F. is now reduced in the ratio of 5000 to 3150, that 
is to say we shall only get 63 volts on the secondary and 
not 100 as before, provided we do not alter the winding; 
To reduce the current heat also to oue-half wo must reduce 
the current in the ratio of V 2 to 1. The secondary cnT* 
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rent will therefore be 1600 : ^ 2 = 1135 Ampere; and the 
output win be 63 X 1135 = 71-5 Kwt. This is the theo- 
retical result, obtained wliilst disregarding the advantage 
resulting from the fact that in the lai^or transformer the 
winding space can be better utilized. This advantage may 
be considerable, but can only be determined by making 
the design. In the present case we should gain about 8'5 
Kwt., making 80 Kwt. as the output which the large trans- 
former can give at the same temperature rise as the small 
transformer. The output is thus 8 times and the weight 
also 8 times as great as before, so that the utilization 
of the material is no better in the large than in the small 
apparatus. As regards efficiency, however, the inci^ease in 
linear dimensions has produced a sensible improvement. 
The small transformer has a loss of 4 per cent, and an 
efficiency of 96 per cent. The large transformer has an 
output of 80 Kwt., and a total loss of ICOO watts, or 2 per 
cent. The efficiency is thus not 9G, but 98 per cent. 

The advantage resulting from increase in linear dimen- 
sions becomes more important if the output is not Umited 
by the ratio of total cooling surface and loss of power. 
Tliis is the case; either if the small transformer from 
which we start is so small that its output is only limited 
by the question of efficiency and not by heating ; or if the 
large transformer is provided with special means for cool- 
ing it. If such means can be devised we obtain with the 
same magnetic and electric stresses an output proportional 
to the fourth power of the linear dimensions (in our ex- 
ample 10 X 2* = 160 Kwt.), whilst the weight only in- 
creases as the third power. The utilization of the material 
is therefore the better the larger the transformer ; in other 
words : by increasing the linear dimensions we decrease the 
weight of matenal per Kwt. out2mt. The loss of power 
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taken as a perceDtage of the output is at tlie same til 
inversely proportional to tlie linear dimcnsioDS. 

We may even go a step further. If we succeed in devil- 
ing some specially effective cooling arrangements (such 
a mechanical circulation of the coil in combination with 
cooling the same by water in a separate vessel) the mag- 
netic and electric stresses may in the large transformer bft 
even greater than in the small transfonner (which is devoid, 
of such cooling arrangements), and the output may bft 
increased in even a greater ratio than the fourth power of 
the linear dimensions. Let us, for instance, increase the 
pressure in the transformer previously consiiiered by so 
much that B = 7300. The Iiyatoresis loss is then 3'5 watts 

per kgr. at — = 100, or in all ^^ "IflOO = 3100 watts. 

The E.M.F. of the secondaiy will be increased from 100 to 

100 X i-^-r- =140 volts. If we allow an increase iu cur- 
oOOO 

rent heat equal to that of hysteresis we may increase the 
current output in the ratio of 1 : ^'^^^ =1 : V3i). The 

output will therefore not be 160 Kwt. but 
146 X 1600 X 1-39 „„, „ ^ 
--- lOOO- = 325 Kwt. 

with a total loss of 0200 watts, or nearly 2 per cent, of the 
output. The efficiency is thus the same as before, whilst 
the output is doubled. The cooling surface is now how- 
ever not 40 sq. cm. but only 10 sq. cm. per watt of lost' 
power, and this transfonner could only be safely worked' 
if specially effective cooling arrangements were provided. 
With small transfonners such arrangements would be too 
costly, both in the first outlay and iti working, but witli 
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large transformers tlie cost becomes insignificant as com- 
pared with the saving of material, and it pays to provide 
special cooling appliances. 

The above considerations were matie on the supposition 
that the linear dimensions of the two transformers under 
comparison are in the ratio of 1 : 2. It would of course 
also have been possible to take any other ratio 1 : m, but 
the concrete example facilitated the calculation, and having 
by means of an example ascertained the relations, we may 
translate thera into the general ca.'je of an increase of 
linear dimensions in the ratio of 1 : m. It must however 
be remembered that the results are only approximately 
correct ; and this for two reasons : First, because we have 
been obl^ed to take as ft starting-point a definite induc- 
tion in the small transformer; and secondly, because the 
skill of the designer is a factor of importance which can- 
not liowever be included in our calculation. The result 
ia therefore only a rough approximation, but as such useful 
when getting out a preliminary design. For this purpose 
the results are tabulated below for the general case of the 
linear dimensions of a small standard transformer being 
increased in the ratio of 1 : m. 

The output of the standard transformer is P, and its loss 
of power /*„ ; its cooling surface is S and the cooling 
surface per watt loss is -r = iS ; P. The same symbols 
with the index 1 refer to the large transfonner, 

We may conveniently distinguish three cases. 

I, The cooling surface per watt loss is the same iu both 
transformers, as are also the method of cooling and the 
temperature rise. 

II, The magnetic and electric stresses are the same in 
both transformers. With the same method of cooling the 
large tiansfonner must get Iiotter; or if the same tern- 
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< transformer muat 1 



perature rise is required the I 
cooled more efficiently. 

III. The magnetic and electric stresses in the large 
transformer ai'e so fai" increased that the cooling surface 
per watt lost is reduced in tlie ratio of 1 ; vi^. The 
cooling arrangements in the large tranafomier must then 
be especially efficient. 



Linear Dimensions 
Weisbt 

Cooling Surfnce 
Output 



normal 



G = m»0 n^G *b=G 

S, - m\H m^S »n»« 

P, = m^F m*P mfiP 

P,i = in'P, mT.. m*P^ 






Weight per Kwt output 
Efficiency ... 

The use of this tatle can best be explained by means of 
an example. Let us assume that we have got out a good 
design for a 5 Kwt. transformer with an efficiency of 95 
per cent. We consider this our standard transformer, and 
wish to get out an equally good transformer for 15 Kwt. on 
the same lines. To set out the drawing we must in the 
first place know by how much the linear dimensions will 
have to be increased. Both transformers shall be cooled 
by air only. In the standard transformer tr = 60, and the 
temperature rise is 38° C. In the lai^e transformer we 
allow a temperature rise of 55° C, to which form the curve 
Fig. 29 corresponds a-^ = 35. If we assume (to start with) 
er[uality of stresses (column II. of the table) we obtain m 

= — = 1'72 and a transformer of too laige an output, 
since P| = 5 X 1'72* = 43'.} Kwt, We may now consider 
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tlie tranafoniier of43-5 Kwt. to be tlic standarJ tnuiat'onucr, 
and fiiid from colunin II. the dimensions of the 1 o Kwt. 
transformer. We have uow J-* = iS'o and Pi = 15. Tliis 
gives 
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43-5 " 

The linear dimension of the 5 Kwt. transformer was /, 
that of the 43-5 Kwt. was 1-72 I. The linear dimension 
of the 15 Kwt. is therefore 

/, = i X 1-72 X 0-77 = 1'325 I 

If thus the thickness of the core in tlie 5 Kwt. trans- 
former is 100 ra.m. we should set out thu drawing for the 
15 Kwt. transformer with a core 133 m.ra. thick. 

Aa a check on this calculation we may also detennine 
the thickness of the core from column I. for equal heating, 
that is for ir^ = 60. We have then Pj = ??i^ X 5 = 15 
and 

™ =r/r= 1-44 

For et[ual heating the core would uot be 133 but 144 m.ni. 
thick, the difference arising from the fact that the tem- 
perature rise will now only be 38° C. and not 35° C. as 
permitted. With <r, = 60 the weight of the transformer 
is G^ = 3G; with it = S5 and a temperature rise of 55° 
the weight would be G^ = 1-325* G = 233 G. If wo 
allow this temperature rise, we can therefore reduce the 
weight of the 15 Kwt. transformer and approximately 
W— 23; 
lOO 

The cooling surface of the 5 Kwt. transformer was GO sq. 
cm. per watt loss, or in all S = 250 x GO = 1500 sq. cm. 
For the lai^e tmuaformer with a core of 1 33 m.ni. we have 
.S'l = 15,000 X 1-33^ = 20-500 sq. cm. or 35 si[. cm. per watt 
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loss. Tlie total loss is 20,500 : 35 = 760 watts, or about 5 
per cent, of the output. If however we use the stouter 
core of 144 m.iji. we lose 7'^= 1'44* X 250 = 520 watts, 
or only 3'.5 per cent, of the output. We may tabulate 
the above results as follows, asaiimiDg as a basis for the 
weights that the small transformer weighs 20 kgr. per 
Kwt. output. 



Thickneas of care in.ni. 
Weight kgr. 
Weight per Kwt. ... 
Temperature rise °C, 

Tlie designer iu setting out the drawing has now to 
decide whether to make the core 333 or 144 m.m. To 
make it stouter than 144 m.m. would make the transformer 
too heavy, whereas a thiuner core than 133 m.m. would 
necessitate the employment of a special cooling apparatus, 
the cost of which would be excessive as compared with the 
saviug iu the cost of the transformer itself. The choice 
of dimensions lies therefore within the limits given above, 
and must be ma*le merely with reference to the relative 
value of efficiency on the one hand and low cost on the 
other. If a cheap and light transformer is requii'ed, the 
designer will decide for the smaller dimensions; if high 
efficiency is the first consideration, he will choose the 
larger dimensions. 

The practical value of the above considerations regarding 
the influence of the linear dimensions on the output lies in 
this, that the designer is thereby furnished with a method 
to determine, without waste of time, the dimensions lead- 
ing to a good design, it^ to start with, he has the drawing^ 
of a good standard trausfonner aa a pattern to go by. 




Power of alternating cnrreut. — In order to investigate 
the working condition of a transformer we must be able 
to determine the power given to the primary and taken 
from the secondaiy terminals. It is therefore necessary 
that we should be able to find either by direct measure- 
ment, or in some other way, the power conveyed by an 
alternating current. We assume for the present that 
current and E.M.F. follow a sine curve. This assumption 
is made for the sake of simplicity. It is not always 
correct, but we shall see later on that the methods of 
mcaauring power which are based on this assumption are 
also applicable in the general case where the current as 
well as the E.M.F. follow any law, provided the frequency 
of both is the same, 

Let, in Fig. 30, the sine lino / lepresent the current as 
a function of the time, and thu hne E, the E.M.F, im- 
pressed on any two points of the circuit, say, for instance, 
the primary terminals of a transformer. We count the 
time in the direction to the right. At the time the cur- 
rent is negative (the oixiinate of the current curve /being 
below the axis), and the E.M.F. is zero. At time I, the 
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current is zero anil tlie E.M.F. has a certain positive 
value. The maximum E.M.F. occura at time i^ and tho 
maximum current a little later at time ^3. At time ^4 the 
E.M.F. haa decreased to zero, but the current is still posi- 
tive, though rapidly decreasing. It reaches zero at time (5, 
when the E.M.F. haa already a negative value. Since both 
curves follow the same line the horizontal distances 
between their maximum and zero values must all be the 
same, that is to say, the time interval between any two 
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pairs of corresponding points ia a contrast. Thus i^ — t 
= ts — tt = tj — t„, etc. This time difference betweffl 
con-esponding values of the E.M.F. and current is callet 
the lag or lead of current, or E.M.F. respectively. In oul 
example where the E.M.F. passes its zero and maximm 
values before the current passes through the correspondiu 
values, we have a lagging current as compared to tin 
EJU!.F. ; or a leading E,M.F. as compared to the current 
The condition under which this relation obtains is th( 
existence of, in addition to the impressed E.M.F,, of i 
second E.M.F, which tends to oppose any and evei] 
change of current. Such an E.M,F. is produced by thf 
■hange in tlie magnetic flux due to the current. If, how 
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ever, instead of this opposing E.M.F., there acts an E.M.F. 
in the inverse sense, then every change in current strength 
is thereby promoted, and the current attains its zero and 
maximum values sooner than the impressed E.M.F., or in 
other words we have a current leading before the 
impressed E.M.F. Such a second E.M.F. tending to 
advance the current is produced by the insertion of a 
condenser into the circuit. The condenser takes the 
maximum positive charging current in the moment that 
the impressed E.M.F. passes through zero in a positive 
sense. When the impressed E.M.F. has attained its 
positive maximum the condenser is fully charged, and the 
charging current is zero. When the impressed E.M.F. 
now begins to decrease it is still positive, but the con- 
denser begins already to discharge, producing a negative 
current, which becomes a maximum at the moment when 
the impressed E.M.F. passes through zero, and so on. 
We see thus that the condenser current leads over the 
impressed E.M.F. by a quarter period. 

In addition to the two cases here considered, a third 
case is possible in which no second E.M.F. either advancing 
or retarding the current is acting ; in this case (glow lamps 
fed from a transformer) the current will have the same 
phase as the impressed E.M.F., and its strength will be 
simply determined by Ohm's law. 

The periodic variation in current and E.M.F. may be 
conveniently represented by a clock diagram. Let, in 
Fig. 31, the outermost circle be used to mark the time 
(somewhat in the fashion of a clock-dial), and let Ot be the 
hand of a clock revolving with constant angular speed. We 
count the time from the moment in which Ot stands 
horizontally to the left. Let in this moment the E.M.F. 
be zero. Describe a circle the radius of which represents 
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to uuy convenient scale the maximum value of the E.M.F., I 
then the projections of this radius on the vertical gives to 
the same scale the instantaneous value of the E,M.F. at 
the time to which their position corresponds. Thus at 
the time ( the E.M.F. vector occupies the position OE, and 
the instantaneous value at the E.M.F. is OE,. We count 
the E.M.F. as positive if E, is above, and negative if £, is 
below the axis. 

The instantaneous value of the current may be repre- 
sented in a similar manner, but the current vector must 

Fig. 31. 



be drawn with an angular lag behind the vector of 
E.M,F. Both vectors revolve in the same sense, and with 
the same speed, thus always preserving their relative 
^iigular position. Let the vector OE occupy the position 
** at time t, then the current vector will occupy the 
position a— </>, and the instantaneous values of E.M,F. 
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and current are / sin a and H sin (a — 0) respectively. 
The instantaneous value of the power is — 

P = HI sin a sin (a — 0). 
If the vectors perform ^ revolutions per second so that 
T = — is the periodic time, and if by <o we denote the 
angular speed, the following equations obtain — 

a = (d t 
da = (o d t 
da = 2 71 '^ dt 

Since work is the product of power and time, we have 

Fig. 32. 




for the work performed by the current in the time dt the 

expression — 

dA = Pdt 

In Fig. 32 are drawn the curves E and / to represent 

respectively E.M.F. and current. By multiplying their 

ordinates we obtain the ordinates of a third curve marked 

P, which represents the instantaneous value of the power 

whilst the area enclosed between P and the horizontal 
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rejjre»enta work. For ordinates above the horizontal, 
the power is positive, or given to the circuit ; for those 
below the horiz«ttal it is negative, or taken fiom the 
circait. To obtain the work given to the circuit dnring a 
complete cycle, we mast measarc the area of P between 
the ordinate^ for t = o and t = T, connting the smaJl 
shaded parts below the horizontal aa negative. The 
work corresponding to a complete cycle 
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Pdt 

Tilt! intitantaneous power varies, as will be sec-n from 
Fig. 32, between a small negative and a larger positive 
maximum. Let us now suppose that we substitute tor 
this varying power the constant power of a continuous 
current, so that the work taken over the time T is the 
same in both cases, then the constant power (which in 
future we call effective power) ia the quotient of work and 
time, or in sjTubok — 

F-4 
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Srdistituliiig fur /', dt, uml T tbe values given abovf 
wo obtain alat 
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M I sin a sin (a - ^) rf o, 



nr after integration— 



The saiiiti r<:sTiU eaii be obtained grapliically, aa was 
lirnt hIiowu by Blakealey, by using the diagram Fig. 31. 
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Let E and / represent the instantaneous positions of the 
vectors, then E sin a / sin ^3 represents the instantaneous 
value of the power. To find the effective power we 
would have to draw the vectors in a number of positions, 
determine the sum of all the expressions -ff sin a / sin /3, 
and divide by the number of positions. Instead of 
performing this operation for neighbouring positions of 
the vectors in their right sequence, we may do so for a 
series of positions which are 90° apart. In this way we 
would count the power twice over, and to get the true 
value of the effective power we must divide the result by 
2. The effective power will therefore be given by the 
expression — 

P = 2 «^^ {E Imia^m p + E I cos a cos ^3) 

m being the number of positions counted in their natural 

sequence. The expression in brackets is E I cos (a — j3), 

or ET cos (t>, and is independent of the particular position 

or value of a chosen. All members of the series have 

therefore the same value, and the sum is simply m E I 

cos 0. We thus obtain 

p _ m E I cos <^ 

2m 
P = I ^ / cos </) 

the same expression as before. 

E and / are the maxima of E.M.F. and current respect- 
ively. Between these and their effective values we liave, 

E . _ / 
as already shown, the relations e =—f'^ '^ — j^ 

The effective power may therefore be expressed by the 

equation — 

P = c i cos (j) 
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In this BXpression e ami i denote the efective values of 
E.M.F. and current respectively, and (|> the la;^ between 
current and E.M.F. For a given E.M.F. and current we 
have maximum power, when = o, that is when E.M.F. 
and current coincide in phase, whilst for i/> = 90" the 
power is zero. 

Since i coa (p represents the projection of the current 
vector on the E.M.F. vector, we may represent the power 
graphically by the area of a rectangle, one side of which 
is the E.M.F. and the other tlie projection of the cnrrent 
upon the E.M.F. line. Or, we may project the E.M.F. on 




i 

3tangle. In 



the current line, and thus form the rectangle, 
measuring the siuface it is of course necesairy to bear in 
mind the scale to which EMF and cuiTent have been 
plotted. If, for instance the scale is 1 ra.m per volt and 
1 m.m. per ampere then the number of tquaro m.m. 
contained in the rectangle is the number of watts. If, 
however, we plot the current to a scale of 1 m m. per 
ampere, and the EMF to a scale of 1 mm per 100 
volts, then each square mm of surface represents lOO 
watts. In Fig. 33, Oi. is the effective cuiTcnt and Oe the 
effective E.M.F. which leads b\ the angle tj> The shaded 
rectangle gives the eftective power which is equivalent 
with that represented by a current i^ flowing under t 
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potential diflference e, but having no lag. We may thus 
assume the real current i replaced by two currents 4 and 
t^, between which there is a phase difference of 90°. 
These can be regarded as the components of the real 
current, the component ih conveying all the power, and 
being therefore called the watt-component of the current, 
whilst ift, conveys no power, and is called the wattless 
component, or briefly the idle current. 

Combination of currents and pressures. — We have in the 
above an adaptation of the parallelogram of forces to the 
combination of currents of different phase ; and this leads 

Fig. 34. 
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to the question whether such combinations are generally 
admissible, provided the currents are sine functions of the 
time and have the same frequency. Let us assume that 
the currents are produced by the alternators M^ and M^ 
(Fig. 34), which are mechanically geared so as to insure 
equality of phase and a constant lag. The machine 
currents are measured on the amperemeters I and II, 
whilst the resulting current is measured on the ampere- 
meter O. The problem is to predetermine the current 
passing through the conductor G, if the machine currents 
and their phase difference are known. Let, in the clock 
diagram (Fig. 35), /' and I" represent the maximum of the 
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machine currents as regards strength and relative phase. 
At the moment to which the diagram refers, the alternator 
Ml gives the current Oi' and the alternator J^ the current 
Oi'\ so that the total current passing through G is (K + 
Oi'\ If we draw the parallelogram OT IT' we see at a 
glance that the vertical distance between the points / and 
T is equal to the height of point F over the horizontal. 
In other words the distance Oi is equal to the sum of Oi' 
and Oi* ; so that Oi represents correctly the strength of 
the resultant current at the moment for which the clock 
diagram has been drawn. The length Oi is nothing else 

Fig. 35. 




than the projection of 01 upon the vertical, and since the 

above reasoning holds good for any position of the vectors, 

it is clear that the projection of 01 will at all times give 

the instantaneous value of the resultant current. We may 

therefore imagine that the conductor G is traversed by a 

single current the maximum value of which is graphically 

represented by the resultant of the two current vectors T 

and T\ and the phase of which lies between the phases 

of these two currents. If we further imagine all lengths 

in the diagram reduced in the ratio >y2 : 1 there will be 

o change in the angles, nor in the ratios of vectors, but 

^resultant vector will then represent not the maximum, 

"ie eflfective value of the resultant current. It will be 
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clear that the above method of combining currents can be 
applied to more than two currents. We first find the 
resultant of two currents, then combine this resultant 
with the third current, and obtain a new resultant, and so 
on. It is not necessary in this operation to draw out the 
various parallelograms of currents ; all we need do is to 
add the currents graphically after the manner of the 
polygon of forces. The last line which closes the polygon 

Fig. 36. 




h 



represents in magnitude and phase the resultant current. 
Let, in Fig. 36, the lines ii to % represent four currents 
as regards phasal position, direction, and magnitude, then 
by drawing the polygon of 5 sides, of which 4 correspond 
to the current vectors, we obtain in the fifth side the 
vector of the resultant current as regards phase, direction, 
and magnitude. 

Electromotive forces of the same frequency, but difiering 
in phase and magnitude, may be combined in the same 
manner. 
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Let, in Fig. 37, 3f, and Af, repreaent two alternators of 
the same type, and mechanically conple-d together so as to 
insure equal frequency. Let three voltmeters 0, T, and II, 
be connected as shown, then / will indicate tlie terminal 
pressure of j1/„ II that of M.^, and wil! show the resultant 
pressure. The latter is not necessarily equal to the alge- 
braic sum of the two other readings, but will as a rule be 
smaller, It depends on the magnitude of the component 
pressures and their phasal ilifferonce. After what has 
alreadybeen said with regani to the combination of currents, 
we need not explain the combination of electromotive 




forces at leTigth. If the three voltmeter readings are 

ible we can use them to determine the difference of 

1 in the E,M. Forces of the two machines, as will 

aiiy bo understood from Fig. 38. Let Oc, be the , 

roltago indicated on /, and di-aw round c, as centre a 

circle with radius equal to the volti^e indicated by //. 

phe resultant pressure must be a line joining Q with 

3 as yot unknown point on the circle. To find this 

^' we need only describe a circle round as centre with 

s equal to the reading on the voltmeter 0. The two 

ve two points of iutereectiou, either of which may 
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be the end of the vector ol' reaiiltant E.M.F. If the 
phase of J/, ia in advance over that of M.^ then the vector 
of Mi will lie behind and therefore above that of M^. the 
rotation of vectors being clock-wise. The reHulLant E.M.F. 
will then have the jiosition shown in the diagram, and the 
angle of lag is e Oc,^ 

Determination of the no load carrent, — In the beginning 
of this chapter we have considered the general principles 
for the deti>nni nation of the power of an altemating 
cuiTerit. The practical inethoils for nioasnring power will 
be given later on, aa also the extension of these methods 
for the measurement of currents of non-sinnaoidal form of 
^rave. The investigation as far as it has been carried up 
to the present ia, however, sufficient to enable us to de- 
termine the currents which the primary of a trauaformer 
takes when the secondary is open, and we now proceed 
to study this subject, which is of great practical importance. 
The importance lies in this, that tranaformera used for 
lighting are generally only loaded during very few hours 
daily, and if each were to take a large no load current, 
the ampere output of the central station might remain 
considerable even during those hours when very little or 
no light is retiuired. To make this matter clear, let ua 
B^ume a central station for the supply of 100,000 50- 
jratt lamps installed. We shall then require a number 
I transformers with a total output of 5000 Kwt,, aince 
the case may arise that one or other of the usera lights 
all the lamps installed in his house at the same time. 

IThe total output of the alternators, however, need not he 
as large as 5000 Kwt. Experience has shown that of all 
|be lamps connected to a centra! station only some 30 to 
jfO per cent, are ever lit simultaneously, the exact per- 
eentr^e depending on the character of the locality aerved 
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^m from the station. Assuming 60 per cent, as an examj 

^H we would have to supply alternators for a total supply of 

^M 3000 Kwt. to the lamps. The day supply is of couree 

^K veiy small, and may be taken as from 3 to 4 per cent. 

H Assuming 3J per cent, as an average, we should have to 

^ provide a, little over 100 Kwt. during the day-time. To 

this output must be added the loss in hysteresis, for which 

we may take 2 per cent, of the total traiisformer o\itput, 

or say another 1 00 Kwt., so that an alternator of 200 Kwt, 

output ought to stifiice. In reality, however, a larger 

alternator will be required, because more current than 

corresponds to the power is taken by the transformers, 

the discrepancy being the greater the larger the no load 

ciurent of each transformer. With a uo load current of 

10 per cent., the current output of the central station, 

K apart from the true power output of 200 Kwt., would 

H amount to an apparent power of 500 Kwt., and with a 

^ft no load cuiTcnt of 5 per cent, the current output would 

^B correspond to an apparent power of 250 Kwt. It is thus 

^V clear that in order to reduce as far as possible the amount 

^P- of machinery which must be kept going during the day- 

^B time, the transformers must be so constructed as to 

^■require a minimum of uo load current, 

^H The no load current is required for magnetizing the 

^H-iron to that value of Ji which corresponds to the primary 

^BE.M.F., and for supplying the power lost through hysteresis. 

^K The magnetizing current can be calculated according to 

^B the well-known laws of electro -magnets, when the dimen- 

^^BJons of the iron part, the quality of the iron, and the 

^^K|>mher of turns of primary wire are known. 

^^^^^^t I in Fig, 39 represent the mean length of the path 

^^^W"^^ magnetic flux as determined from the drawing, and 

^^■^ permoability of the particular quality of iron iiacd 
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at the induction 5, then the magnetizing force of the 
current /^ passing through n turns is 4 tt w /^ : Z, where 



Fig. 39. 
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I^ is taken in absolute measure. If /^ be taken in 

amperes the magnetizing force becomes 0*4 -n n I^ : I 

and the induction produced is — 

T> 0*4 -n n /„ 
B = i. ^ 

I^ being the maximum value of the current wave. If 
i^ represents the effective value, we have /^ = J2 i^ 
and — 

T> 1*78 n L 



lu. = 



I 

Bl 



1-78 IX n 

The change in the magnetic flux produces in the coil an 
E.M.F., the phase of which is OO"" behind that of the 
current *^, as is easily seen from the following. If the 
current has attained its maximum, B is also a maximum, 
and the E.M.F. is therefore zero. If the current and 
therefore the flux pass through zero, the E.M.F. is a 
maximum. To the maximum of current corresponds 
the E.M.F. zero and vice versd ; a relation which can only 
exist if the angle (f) in Fig. 31 is 90°. Then c i cos (j) = 0; 
there is no power given out by the current. We thus 
find that the magnetizing current i^ carries no power; 
its vector in the clock diagram (Fig. 33) stands at right 
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angles to the vector of the E,M,F. as sbown in the 

Power is, however, required to cover the hysteresis 
loss ; and the componeiit of the no load current which 
carries this power must coincide in phase with the E.M.F. 
In Fig. 33 this component is 4- The total no load 
current is therefore the resultant of two currents, namely — 

The wattless magnetizing current ■(„. 

The watt current reijuu'ed to cover the hysteresis loss in. 

Since these components are at right angles to each other, 
we can calculate the resultant no load current i o from 
the equation — 



V. 
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Up to the present we have assumed that the magnetizing 
force is solely required to drive the dux through iron ; in 
other words, that the path of lines is either not inter- 
rupted by joints, or that if joints there be, they have no 
magnetic resistance. This condition is fidfilled with over- 
lapping joints, such as are shown in Figs. 18 — 22 ; it is, 
however, not fulfilled in but-joints, as shown in Figs. IG 
and 25. If for the convenient fitting together but-jointa 
are used, it is obvious that at every joint a certain 
mj^etic resistance is introduced, since, for reasons already 
stated in Chapter III,, no perfect junction face to iiice can 
be obtained nor permitted, even if it were mechanically 
possible. We must therefore take account of the fact 
that the faces are separated by a certain distance, and 
that the lines of force have to pass through a non-magnetic ■ 
medium at every joint. Let b be the combined thicknes 

of these non-magnetic layers (that is t or - the 

ness of each layer with two and four joints respectively),! 
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and B represent the induction at the joint, then, since 
/m = 1, the magnetizing force required for overcoming 
the resistance of the joints is — 

0-4 Trnl= b B 
and the effective ampfere-tums required are — 

Bb 
1-78 
The current i must be added to the magnetizing current 
previously determined, and we thus obtain the magnetizing 
current for a transformer with but-joints of total thickness 
8 by the equation — 

B (I 
Vl^n \ix 

I and 8 being given in centimeter. If there are over- 
lapping joints or no joints at all 8 = o, and wo obtain the 
expression previously given. 

If for the moment we confine ourselves to transformers 
having no but-joints, we are able to utilize the formula? 
here given for the determination of the permeability by 
experimenting with finished transformers. For this 
purpose, the transformer is worked with open secondary, 
whilst the primary current and power supplied are measured. 
It is convenient to use for this experiment the low-pressure 
winding as the primary. The E.M.F. and frequency are 
also observed, and from these data can be calculated the 
induction B and the component i,^ required to cover the 
loss of power through hysteresis. If P^ is the loss and c 
the supply pressure, we have — 

With good, and even with middling good, transformers 
with closed magnetic circuit the no load current is so small 
that loss of power by ohmic resistance may be neglected ; 
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hence P„ is simply the power measured on opea circui|» 
Let i„ be tho no loail current observed, then the mag- 
netizing current can be calculated from the formula— 



antl the permeability from the formula — 

- ^J 

** 1, 78 m j„ 

If the experiment be repeated for different values > 
primary E.M.F., we are thus able to find a series of corre- 
aponiling values for B and fx, and the results' obtained i 
then be used in designing new transibrmers. 

The following table gives corresponding values of B andt 
ft. which were found experimentally in the manner above 
explained. The iron contained in the transformers und^ 
test was of different quality, but lay, aa regards hystere 
between the limits indicated by the two curves in Fig. 1 
For the rest the experiments showed that the pormeabilitj 
cannot bo taken as a measure for the value of the iron 
as regards low hysteresis loss, and that the difference ia 
permeability for different brands of transformer-plates a 
generally small. The values hisre given are averages. 

B = 2000 3000 4000 5000 6000 7000 
J/"= 1300 1720 2070 2330 2570 2780 

The dotted curve in Fig. 9 represents these valued 
graphically. 

Influence of but-jointa.— It remains yet to investigate 
what effect but-jniiits produce as regards the no loactl 
current. On that component of it which is required for 
covering the hysteresis and eddy current losses, they have^ 
of course, no influence, since these losses do not depend 
I on the magnetic resistance. The wattles;^ component of 




INFLUENCE OF BUT- JOINTS 81 

the no load current, being directly proportional to the 
magnetic resistance, is, however, strongly influenced by 
the presence of but-joints. To show this we may apply 
the formula — 

to a practical example.^ In core transformers of the types 
Figs. 15 or 16 we should have four but-joints. The gap 
in each joint can, even with the most careful workmanship 
and the use of specially tough material as an insertion, not 
be made smaller than 0*5 millimeter. We thus obtain 
5 = 0*2 centimeter. The permeability is from Fig. 9 of 
the order 2000. The mean length of magnetic path 
varies of course with the size of the transformer. With 
small transformers of 1 to 10 Kwt. it may be taken as 
between 70 and 160 centimeter; with large transformers 
of 100 Kwt. or thereabouts, I would be of the order 300 
centimeter. Assuming as a fair average for Z 100 cm. in 
small and 250 cm. in large transformers, then the fraction 
/ : IX will lie between the limits O'Oo and 0*15. The term 
in brackets in the equation for i^ will therefore be 
increased from 0*05 to 0*25 in small, and from 0*15 to 
0*35 in large transformers. This is an increase of 400 
and 133 per cent, respectively. 

If in a small transformer without but-joints the 
magnetizing current is 4 per cent, and the hysteresis 
current 3 per cent, of the full load current, the no load 
current will be — 



% = yy/ 3^ + 4^ = 5 per cent. 

Now let us build the same transformer with but-joints. 
This will not alter the hysteresis current, which remains 
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^K 8 per cent, as before, but the monetizing cHixent will be 

^B increaaed to 20 per ce nt,, givin g a no load current of — 

H i„ = ^ 3' + 20' = 20'2 per cent. 

^M Let in a large transformer without but-joints 

H ,j = l-5%andi^= 2%, then t, = ^ 1-5" + 2« = 2-5 %. 

^B The same tmnsfornier built witb but-joints woulil bave 

H t^ = 4-6 % and i„ = ^ 1-5' + 4^ = 4-85 %. 

By using but-joints we have thus in the small trans- 
former (juadrupled, and in the large transformer nearly 
doubled, the no load current. 

Our examples referred to core transformers. With shell 
transformers the use of biit-jointa would bo still more 
objectionable, since the length of the magnetic path ig 
only about one-third as compared with core transformers, 
and the influence of an increase in magnetic resistance 
correspondingly greater. For this reason shell trans* 
formers are never built with but-joints, but always witb 
over-lapping joints according to one or other of the 
methods described in Chapter III. For large core trans- 
formers but-joints may be permitted, partly because their 
influence is less felt than in small transformers, but chiefly 
because large transformers are nearly always working with 
some load, and then the influence of a larger or smaller 
magnetizing cuiTent is hardly felt, Small transformers, 
especially those for private house lighting from a central 
station, should never be made with but-joints, as they 
have long periods of no load during which they burden 
the station with a large current output out of all pro- 
portion with the useful power output. 



CHAPTER V 

DBSION OF A TRANSFORMEK — BEST DISTRIBUTION OF COPPER — COST OF 
ACTIVE MATERIAL — BEST DISTRIBUTION OF LOSSES — ECONOMY IN 
WORKING CONSTRUCTION DETAILS. 

Constmction of a transformer. — In order to demonstrate 
the practical application of the rules and fonnula^ given 
in the previous chapters, we now proceed to work out 
a design for a particular transformer, with a transform- 
ing ratio of 2000 : 100. For this purpose we select a 
core transformer of the type Fig. 15, and assume the 
thickness of core to be 125 m.m. The winding space 
thus becomes by our formulae a = 160 m.m ; h = 450 m.m. 
Let the frequency be ^= 50. To start with, let us 
assume B = 5000, with the reservation, that should it be 
found advantageous we will alter the induction. The 
core and yoke-plates are held together by insulated bolts, 
as already explained, and the coils are wound on separate 
cylinders of paper, or preferably micanite, so that the 
windings may be independently prepared and sHpped on. 
It is immaterial which winding is inside and which out- 
side ; we shall place the low pressure or secondary wind- 
ing next to the core, and the high-pressure winding 
outside. 

To save copper, we chamfer the edges of the core by 
say 20 m.m., as shown in Fig. 40. This is done by 
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stopping the width of the outer platep. After all the 
plates are assembled the core is bound up by strong tapes ' 
to keep the plates from bulging. The thickness of thi* 

tape serving is about 2 m.m. In order to enable the low 

pressure coil to be easily slipped on, we require a clearanc^^« 
of 2 ra.m. over the comers, so that the inner diameter o -^»t 
the supporting cylinder becomes 160 m.m. Its thicknesKi-^ 
need not exceed 5 m.m., bringing the inner diameter o^:z:3)i 
the coil itself to 170 m.m. The depth of winding and th" 
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I 



mean perimeter can at present only be fixed appros* 
mately from the following consideration. The dimension ^^ 
of the iron part being given, we find the distance of centre.^^ 
of cores to be 125 + 160 = 285 m.m. The externa^ 
diameter of the primary winding can therefore not exceec^^ 
285 m.m,, and must in reality be somewhat smaller, sine^^ 
a ecrtain clearance is necessary not only to avoid touchin^^ 
of the two coils, but also to make up for possible irregu— — 
larities in the mamifiicture, and leave a mai^n in case th^s* 
same size of transformer should have at any future time tC^^^B 
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V quiring more space would have to be used. A certain 

p cJearance is also necessary to allow for the circulation of 

I air or oil, whereby the coils are kept from over-heating. 

^ Jf we fix this clearance at 20 m.m., we obtain for the 

external diameter of each primary coil 265 m.m., so that 

**Gtween the inner surface of the secondary and the outer 

surface of the primary winding, there remains a distance 

^f i (265 - 170) = 47'5 m.m. This distance is made up of 

^» the depth of winding in the secondary coil ; &, the 

clearance between the latter and the inner side of the 

primary cylinder ; c, the thickness of the latter ; and d^ the 

^^pth of the primary winding. 

For clearance we may reckon 4 m.m., and for the thick- 

^^ss of primary cylinder .5 m.m., leaving 47*5 -9 = 38'5 

^^•Tn., to be apportioned between the two windings. It is 

obvious that the depth of primary winding will be more 

^'^^u.n half this amount, because not only is more space 

^^<T[uired for the insulation of the thinner wire, but the 

P^*:*imeter being larger the gauge of the wire must be 

coj-xespondingly incretiscd in order to avoid getting too 

^Vxch resistance in the primary. As a first attempt in 

^t^ J)ortioning the space we may assume that 60 per cent. 

^* it will be filled by the primary, and 40 per cent, by the 

s^^ondaiy winding. 

lest distribution of copper. — The correct distribution of 

^*>^« available space between the two windings is in so far 

^*^^^Cfc.portant as the total loss by ohmic resistance becomes a 

^^^inimum if it is equally divided between the two windings. 

■*- *"iis may be shown as follows. Let the total winding 

*pace available for both coils be h (in our case h = 38*5 

^•^.), and the depth of the secondary winding a, then h-a 

^^ the depth of the primary winding. Let D be the inner 
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diameter of the secondary_ coil. Its resistance is propor- 
tional to tlip number of turns Mj and to the mean perimeter 
of one turn it (D + a); it is inversely proportional to the 
cross section of wire ; or to put it in another way, the 
resistance ia with a given length, of wire inversely propor- 
tional to the depth of winding, (i. By comprising all 
constants into one co-efficient K, we have for the loss in 
the secondary coil — 

For the primary coil we ohtain a similar expression, 
except that the co-efficient K must be multiplied by the 
ratio of windings n, )tj, and we thus obtain — 



Siuce H.|* 7,* — n^ i/, we can also write — 

f..-jir,.. -° + ° + \- 

b-a 
The total loss by ohmic resistance is therefore— 



= Kn, 1 



,...,._._, 



In order to make this loss a minimum, a must be s 
chosen that the term in brackets becomes a nunimung 
By differentiating and equating to zero, we obtaiD afte 
some reduction — 



. + .i)-?J = 







B 



V- 



Since a negative depth of winding 
possible, we take the upper sign — 



i physically ini 
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By equalling the two terms in brackets we also get — 

a^ + aD - ^= 

2 

and we see from this that there will be minimum loss by 
ohmic resistance if the loss is equally divided between the 
two circuits. If therefore our first assumption regarding 
the depth of winding does not produce eiiuahty of losses, 
we must redistribute the available winding space accord- 
ingly so as to satisfy the above equation for a. We design 
for B = 5000 and ^ = 50 the windings, retaining for the 
present the ratio of 40 to 60 per cent, for secondary and 
primary winding respectively. On calculating the ohmic 
losses, we find that the primary loses too much and the 
secondary too little power. We therefore reduce the 
depth of winding in the secondary, and increase it in 
the primary. It is superfluous to give the calculation in 
detail ; the result is — 

Best depth of winding for the secondary 14 m.m. 
„ ,, „ » primary 24 m.m. 

We may now draw the coils, and determine from 
the drawing the exact mean perimeter of each. This 
gives — 

TT^ = 0,575 m. -TTi = 0,755 m. 

The next step in the design is the determination of the 
hysteresis loss from the weight of iron, the induction, and the 
frequency. Assuming that we use best transformer plates, 
the lower of the two curves in Fig. 9 is to be taken. 
According to this curve the loss of power with B = 5000, 
and '-^ = 100 is 1*8 watt per kilogram, and since our 
frequency is ^^^ = 50, we have a loss of 9 watt per 
kilogram. The net section of iron in the cores is 130 
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Bijuarc cm,, aad in tiiu yukc;s wLicti arc uot cbamt'ereJ 136 
square cm. The weights can be calculated from the dimen- 
sions, and we thus obtain for the total hysteresis loss — 

2 Corea UGS kg. £ = 5000 at O'EI watt ... 103 watt 
2 Yokes 61-2 „ B = 4770 at 0-85 52 „ 



Total weight 179 kg. Total hysteresis loss 157 watt 

We next determine from the drawing the total cooling 
surface with 12,000 &iUaro centimeters. Assuming for the 
present that the transformer is to be worked in a case with- 
out oil, and that its temperature rise is to be 54° C, we find 
from the curve for air Fig. 29 o- = 37, and can now deter- 
mine the load by fixing the total losses at 12,000 : 37 = 
S24 watt. The copper heat may therefore amount to 
324-l.)7 = 167 watt, or with the best distribution of 
copper to 83'.') watt for each winding. 

Tlie next step is to more accurately determine the 
windings. In doing so it is important to observe that 
besides the loss of pressure due to okmic resistance, thersi 
is also loss of jn-cssure duo to magnetic leakage. The 
latti-T cannot be calculated, but may be closely estimated 
from exiwrinionts with other transforniera of the same 
type. In our design, where the coils are not placed upon, 
but within, each other, the loss of pressure due to leakage 
and with a noninductive load (such as glow lamps) is very 
amoll, and may bo roughly taken at 1 per cent. If we 
allow an ohmic loss of pressure of li per cent., we have a 
total loss of 2J per cent., that is to say, the terminal pres- 
sure on the secondary will be 2^ per cent, higher at no 
load than at full load. 

Since A^ = 130 x 5000 = 050,000, and ~ = 50, we 
obtain from tlie formula — 

A' =4'44 ~», .VIO-^ 
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the uumber of turns n^ in the secondary winding. This 
must obviously be a whole number, and if we wish to get 
the winding symmetrical on both limbs (so as to fully 
utiUze the available space) it must also be an even number. 
The nearest number which satisfies these conditions is 

n.^ = 70, 

whereby for £ = 5000 R, = 101'23. 

If there were no appreciable voltage drop either through 
ohmic resistance or magnetic leakage, a condition fulfilled 
when the transformer is working on open circuit, then the 
number of primary turns would be 2000 : 100 = 20 times 
as great as the number of secondary turns. This would 
give ni = 1400. With 2000 volts on the primary termin- 
als, the pressure on the secondary terminals would at no 
load be exactly 100 volts, but at full load 2 J per cent, loss, 
or only 975 volts. If then we wish to have 100 volts 
pressure at full load, we must alter the transforming ratio 
at no load by 2 J per cent., that is to say, we must reduce 

the primary winding by — ^t:- = 35 turns. We have 

tlien 

?ii = 1365 

On open circuit -K, will tl^^^^ iiot be 101*23 volts, but 
102'5 volts, and the induction will increase in the same 
ratio, namely, by 102*5 — 10123 = 1*27 per cent. It is now 
not 5000 but 5063, and the hysteresis loss will be increased 
from 157 to 161 watt. 

The cross section of wire may now be detennined. For 
fixing the length of the coils we have to consider the height 
of the window in the iron frame (in our case 45 cm.), and 
leave sufiicient space for clearance and the end flanges of 
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the cylinders. The total space requireil for these purposes 
is about 3J cm., leaving 4ri> cm. net length of coil. Each 
secondaiy coil must contain 35 turns of wire. If these 
were aiTanged in a single layer, the wire would have to be 
wound on edge. Although this presents no difficulty with 
naked wire which is afterwards insulated by fibre insertion, 
it in not so easy with cotton -covered wire, and in this case 
it would be better to wind the wire on the Hat and make 
two layers, one with 18 and the other with 17 turns. Since 
the space of one turn is lost in crossing over from the 
lower to the iipper layer, we must arrange the width of the 
wire to be not yffth, but Yifth of the net winding space. This 
gives 415/19 — 21'8 m.m. The thickness of the wire is 
already determined by the depth of winding, which we 
found must be 14 m.m. Allowing O'o m.m. for the thick- 
ness of covering (or 1 m.m. in all) we find that the section 
of the wire will be C X 208 in.m. Since it is, however, 
scarcely possible to lay on succeeding turns with mathe- 
matical accuracy, it will be advisable to take the width a 
little less, say 20 m.m., so that the actual cross-section of 
the wire becomes C X 20 = 120 square m.m. The length 
of winding is 70 X 0-575 = 40'5 m., and if we allow 05 m. 
for connections, we can take 41 m. as the basis on which 
to calculate the resistance of the secondary winding. The 
formula for the resistance, taking an average rise of 
temperature into account, is — 

OjOSJ. 

s 

/j being the length in meter anil q the cross-section in 
square millimeter. We thus obtain — 
W., = 0-00GS2 
A similar calculation miule fur tlie primary winding shows 
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that we have to use round wire of 3'1 m.ni. diameter 
(covered to 3"67 m.ni.) in six layers of 122 turns, and 
one layer of ten turns on one and eleven turns on the 
other Umb. The length of wire is — 

Zi = 1030 m. 

and its resistance warm is 

W, = 2-8 

We have now all the data required for calculating the 
losses at different loads. For convenience they are given 
in the following table — 



Load in kilowatts 


, 


8 


9 


10 


11 


12 


13 


14 


15 


Secondary current 


ampere 


80 


90 


100 


110 


120 


130 


140 


150 


Primary current 


>> 


4125 


4-634 5-150 5-664 6-180 


6-70 


7-22 


7-44 


Copper heat watt 


• • • 


91 


115 


143 


172 


205 


241 


278 


321 


Hysteresis „ 


• • • 


161 


161 


161 


161 


161 


161 


161 


161 


Total losses „ 


• • • 


252 


276 


304 


333 


366 


402 


439 


482 


Percentage loss 


• • • 


3 05 


.306 


304 


303 


306 


3-09 


315 


3-22 


Cooling surface a 


a • • 


47-6 


43-5 


39-5 


360 


32-8 


300 


27-4 


250 


Temperature rise in air ... 


45-5 


48-5 


51-3 


540 


57-2 


60-6 


64 


67 


Temperature rise in oil ... 


34 


360 


38-5 


40-6 


43 


45 


47 


49-3 



If the transformer is not to be cooled by oil, we see 
from this table that the maximum load it can carry with 
the heating limit assumed is 11 Kwt. The total loss is 
then 333 watt, so that 11,333 watt must be supplied to the 
primary, making the efiBciency — 

If we use oil we may load the same transformer to 15 
Kwt., and obtain approximately the same efficiency. 

Cost of active material. — The efficiency is however not 
the only guide in judging the merit of a design. We must 
also take into consideration at what cost in material the 
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reaiilt is obtained. Assuming the finished or cut plates 
cost Hd. per kg., and the insulatetl copper wire Is, 9rf. p 
kg. (id. and 0^. per lb. respectively), then we have — 

Iron 179 kg. at Qd. 134* 

Copper lllo kg. at Is. 'M. 195& 

Total woigLt 290-5 Cost of active material 329a 

The merit of the transformer worked in air and oil 
then whown by the following figures — 

Output in Kwt 11 1.5 

Weight of active material per Kwt. SG'i kg. 19'i kg. 
Cost of active material per Kwt. 29'Jls. 21-ys. 

Best diEtribution of losses. — If we use oil filhng for bh« 
transformer case we obtain a lighter and cheaper apparatus 
per Kwt. output than if we leave the case empty. On thft 
other hand, the percentage loss is a trifle larger in tha 
transformer working in oil, namely, 3'22 per cent, againsb 
3'03 \}cr cent. Ibr the transformer working in uir. The 
ufticioncy is a maximum with a load of 11 Kwt., when the 
liystcresis loss is about the wame a.s the ohiuic loss. If thcf 
output is less than II Kwt. we have a lower efficiency, 
whilst the hysteresis loss is larger than the ohmic loss ; and 
if we increase the output beyond 11 Kwt. we also lower 
the efficiency, but now the ohmic loss is larger than the 
hysteresis loss. These facta let it appear probable that we' 
obtain not only in this particular transformer, but generally 
in all tranaformera, a maximum of efficiency at that load 
at whicli the hysteresis loss and the ohmic loss are equaL 
If this assumption is correct, then the design of our trans- 
former when used with oil for 15 Kwt. output, must 1 
capable of improvement by increasing the hysteresis lo 
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ackd decreasing the ohmic loss. The total loss in the 
present design is 482 watt. We shall now alter the wind- 
iik^s so as to increase the induction by such an amount as 
wiXl bring the hysteresis loss up to about half this figure, 
or 241 watt. Retaining the same core, we may now allow 
a Xoss of 1'34 watt, per kg., or 2'68 watt, at ^ = 100, to 
"w^lxicli corresponds by the lower curve in Fig. d, B = 
6300. 

To this induction corresponds Tig = o6"5 ; since it is 
l^<^"wever impossible to arrange for a fraction of a turn, 
^^■^<i since for the sake of symmetry we must have an even 
^"^^mber of turns, we make Tig = o6. This gives iV = 
824,000 and i? = 6350. 

The hysteresis loss can now be calculated more exactly 
follows — 

ores 116-8 kg. B = 6350 at 1-35 watt. ... 158 watt, 
ekes 61-2 „ i^ = 6080 „ 1*25 „ ... 77 „ 



2 
2 



Total 235 



>j 



fo 



wing to the reduction in the number of turns we may 

make the secondary wire 26 X 6 m.m. The resistance 

m will be 0*00415 ohm. The primary will have 

"X 56 less 2^ per cent. = 1092 turns. There is room 

round wire of 3*5 m.m. diameter (covered to 42 m.m.). 

this wire 98 turns go to one layer, so that we shall 

^^^uire five layers and 54 turns on each limb. The 

.^^istance warm is 1*72 ohm. The weight of copper 

^ tihe secondary is 44*5 kg. and in the primary 70*5 kg. ; 

^^-bal 115 kg. 

The following table gives the condition of working at 
^^rious loadj 



p 

9* 
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^ 


■ 


Load in Kwt. 


S 


12 


15 


16 


^ 


Secondary cuirent 


.. SO 


120 


150 


160 


170 


Primary current 


.. Mo 


618 


7-72 


8-23 


8-75 


Ohmic loss 


50 


115 


195 


222 


258 


Hysteresis loss 


.. 235 


235 


235 


235 


235 


Total loss 


.. 291 


350 


430 


457 


487 


Percentage loss 


.. 3« 


2-92 


2-87 


286 


28i 



We see from this table tliat the least percentage loss 
and therefore the liighest efficiency, is obtained at thai 
load at which the ohmic loss is approximately equal to thi 
hysteresis loss. The weiglit of active material is in thi 
transformer 204 kg., and its cost determined ou the i 
basis as before is 335s. Since the load may be 16 Kwl 

i have 18'4 kg. and 20*9s. per Kwt. output. This is 
improvement on the previous design brought about by tly 
heavier magnetic stress on the iron which was rendei 
possible through cooling with oiL 

Let us now reduce the linear dimensions so far tl 
with B ■= 6350 the output is reduced from 16 to 15 Kwl 

The ratio of reduction is \/ ^ for the Unear dimensioi 

and 15 : 16 for the losses. The object of this reduction 
to bring both transformers (namely, that in which B = 500Q 
and that in which B = 6350) to the same output of II 
Kwt., in order to have the same basis of comparison. BoU 
transformers are cooleil by oil. 



Induction ... 
Output Kwt. 

Temperature rise degrees centigrade 

Hyateresia loss 

Ohmic loss 



5000 635( 

15 
4!l-3 
161 
321 20S 
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DBSIOK. I. II. 



Total loss ... 


... 482 


428 


Percentage loss ... 


... 322 


2*85 


Weight per Kwt. output kg. 


... 19-4 


18-4 


Cost per Kwt. output 6s. 


... 21-9 


20-9 



Economy in working. — These figures show clearly that 

design II. is preferable to design I. both as rcgfirds first 

cost and economy in working, provided the transformer is 

required to work permanently under full load. This is 

generally the case in power transmission, for which purposes 

transformers should therefore be so designed that the 

hysteresis loss is approximately equal to the ohmic loss. 

The case is however different with transformers reciuirod 

cliiefly for lighting. The average burning time of fill 

la,naps installed is of course much shorter than the time 

during which the transformer must be kept at work. The 

"fcransformer must be large enough to feed all the lamps 

installed, as it may occasionally happen that all are wanted 

sit the same time, though as a rule the number of lamps 

louming will be smaller than the number of lamps installed. 

If a transformer for a single house is connected to a central 

station it is at work day and night, that is for 87 GO hours 

during the year, whilst with an average burning time of 

600 hours per lamp, the whole yearly output actually 

obtained is only Q^pr. times the possible yearly output. 

The hysteresis loss goes on for 87 GO hours ; the ohmic loss 
only for the time that lamps arc burning. The latter loss 
must be less than corresponds to full output during 600 
hours, since this loss varies as the square of the current, and 
maximum current does not last the full 600 hours, but a 
much shorter time. 
Assume a house with 100 lamps installed, and let the 
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ohmic loss in the tiansformer when all the lamps ar 
use be 100 watt. If all the lamps were simiiltaneously 
lighted and extinguished, then for a yearly burning time 
of 600 hours the loss would be 60 Board of Trade unita. 
In reality the loss will be smaller, because a smaller 
number of lamps will be used for a longer time than 600 
hours, notwithstanding the fact that the total yearly lamp- 
hoius will be 60,000. If the time-table for the lamps 
alight is as given below, the loss is reduced to 227 units. 

100 5 



00 


50 


5000 


70 


100 


7000 


40 


500 


20.000 


20 


1000 


50,000 


10 


800 


SOOO 




2450 


60.000 



22-7 
The average burning time of all lamps is, as befon 
assumed, 600 hours ; some of the lamps are however in use 
for a much longer time, with the result that the ohmic 
loss in the transformer is reduced by about 38 pe.r cent, a 
compared with the loss which would obtain if all lampr 
were always used simultaneously. Applying the above 
reasoning to the comparLson of the two transformer designs 
(I. and II.) when used for lighting, we come to a totally 
different conclusion to that we reached when using thi 
transformers for power purposes. 

Since 100 watt, maximum ohmic loss means a yearlj 
loss of 227 units, the ohmic loss of design I. will bi 
321 _ 
100" 

= 473 units. The hysteresis losses are for the 

two designs, 1410 and 1930 units respectively. 
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B= 5000 G350 

Animal ohmic loss in units ... 73 47'3 

Annual hj'stei-eais loss in units ... 1410 1030 
Total annual loss in units ... 1483 1077 

Annual output in units 9000 0000 

Annual ofSciency per cent. ... SG 82 

-As regards annual efficiency, that ia the ratio of the 
Units annually suppKed to and obtained from the trans- 
for-rner, design I. is decidedly better than design II, On the 
^tiller hand, the first cost of design I. is somewhat greater, 
Daruely 21 'Os. against 209b. for active material alone. To 
tliis must be added the coat of other materials, the case, 
w-ages, shop aud trade charges, and manufacturer's profit, 
-A-s a fair average we may take it that the net selling price 
**f "the finished transformer amounts to 2J or 3 times the 
*^ost of its active material. The net cost would therefore 
l>e for— 

Design I. £45. 

Design II £43. 

The difference in cost is only £2, and against this we 
•*-a.ve to set off a yearly waste of 404 units. Taking the 
^Hgine-room charge for a unit at the central station at 
<*niy Id., the "units wasted represent £2 Is. Id. ; or in other 
w^onls, the more expcasive design will pay for itself within 
one year. We may now formulate the results of our 
investigation as follows — 

Transformers for power should be so designed that the 
^ti'ess in the iron is high and in the copper moderate; 
""oa and copper losses should be approximately equal. 
* "^Bsfonuera for lighting should be so designed that the 
*'*"ess in the iron is small, and in the copper large. The 
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copper loss should be gi'cater than tbe iron loss. It is 
obvious that this condition must not be pushed beyond 
the limits imposed by temperature rise and voltage drop. 
Constmotive detailE. — Figa. 41 to H givo details of the 
design of the transformer here discussed. Tbe output ia 
10 Kwt, with air cooling and 15 Kwt. with oil cooling. The 

Fig. 41. 




L 



transformer is placed into a cast-iron case, and is therefore 
adapted for use in a cellar or other damp place, or in the 
open air in a damp climate. For outdoor use in a diy 
climate the case need not be completely closed, but need 
only be sufficient to protect the apparatus from rain, and 
for diy interior situations the case may be replaced by 
perforated covering (see Figs. 103, 110, 125). The advan- 
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^"Is^e of a perforated case ia that the cooling efi'ect of tlie 
air ia greater. It may be taken as represented by the 
Juwer curve in Fig. 29. 

The plates for the core and yulic are cut to size and 
punched for the holt-holes, then laid together with an 
insertion of very thin paper. Some makers use varnish 
instead of paper, but this is not so reliable an insulation. 
In building up, the lower yoke and the two cores are first 
made up, the coils are then inserted, and lastly the plates 
of the top yoke are put in. The coils are wound on paper 
cylinders, which at their lower ends are provided with 
flanges to prevent the coils slipping. In winding the 
coils it is aiivisable to wrap each layer with a sheet of 
thin paraffined calico, which is doubled back at the ends 
so aa to give additional insulation between adjacent layers. 

The thickness of the cotton covering on the wire depends 
on its diameter (or equivalent diameter if rectangular wire 
be used), the voltage, and the quality of the cotton and 
number of coverings. There must at least be two cover- 
ings, though treble covering with very fine cotton is still 
better. For very stout wires an additional braiding is ad- 
visable. For work up to 3000 volts the thickness of the 
covering in millimetres should not be less than 

6 = 0-13 -I- 0'06 d, 
vrhen d is the diameter (or equivalent diameter) of the 
1 wire in millimetres. The diameter of the covered 
3 is thou 

(?i = rf -h 2 6, 
d, = 0'2G + 0-12 (i!. 

! of large rectangular section may also be wound 
iked, suitable strips of fibre or other insulating material 
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The reBiBtance of the coil must be calculated witli refer- 
ence to its temperature ; aa a first approximation, based 
on a temperature of 75° C, the following formula may bo 
used — 

002 ^ , 
Q 
where I is the length of wire in meters and 5 its are 
square millimetres. 

To promote dissipation of heat, the casing may be pro- 
vided with external ribs or gills. Small internal riba are 
also provided to hold the transformer securely. The 
main cover ia fitted with a small auxiliary cover to givt 
access to the terminals without the necessity of breakiii| 
the joint of the main cover. The leading-in wires may t 
taken through stuffing-boxes, as shown in Fig. 41, c 
they may be simply passed through openings which ai 
afterwards cast out with insulating compound. The latter 
anangement is preferable fur very large transformers. 



CHAPTER VI 

CLOCK DLVGllAMS — WORKING ON OPEN CIRCUIT — WORKING UNDER LOAD 
— MAGNETIC LEAKAGE — ^WORKING DIAGILVM OF TRANSFORMER HAVING 
LEAKAGE — ^VOLTAGE DROP — GRAPHIC DETERMINATION OF DROP. 

Clock diagrams. — The working conditions of a trans- 
former can be represented in a very simple manner by 
means of so-called vector or clock diagrams. It is thereby 
convenient to assume for both circuits the same number 
of turns of wire, which makes the transforming ratio equal 
to unity. Such an assumption is permissible, as will be 
seen from the consideration that without altering the 
gauge of wire on the primary, we can by simply grouping 
the turns differently bring a sufiBcient number of wires 
into parallel connection to produce the effect of a winding 
of fewer turns, but of stouter wires. If, for instance, the 
transforming ratio is in reality 2000 to 100, and the high 
pressure coil has 800 turns, we may assume these 800 
turns to be grouped in 20 parallels of 40 turns each. The 
current will now be 20 times as large as before, and the 
electro-motive force will be reduced to the 20th part ; that 
is to say, it will not be 2000 volts but only 100 volts. In 
assuming this alteration in the connections we have not 
altered in any way the heating, the percentage of idle 
current, the efficiency, etc., but we have obtained the ad- 
vantage that the electromotive forces in both circuits are 
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^H UDW of tbc same order of maguituile, and can therefore be 
^H conveniently repTcaentetl in our clock diagram to the 
^H same scale. It is obvious that the current must be in- 
^H creased in the same ratio as the electromotive force is 
^H reduced, and that the resistance is reduced in the square of 
^V this ratio. 

Working on open circnit. — As an introduction to the use 
of clock diagrams we may investigate the simplest case, 

Fig. 15. 



namely, a transformer working on open circuit. Let 
Fig. 45 0/„ represent the idle current to any convenienlJ 
scale, and 0/^ and 01^ its two components, which < 
found by calculation as shown in chapter IV, The coin^ 
ponont /^ magnetizes the iron of the transformer, the tota 
magnetic flux being represented to any convenient e 
by the vector ON. The current and Hux have of coura 
the same phase in the diagram. At the moment to wliicl 
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Be diagram refers the projectiou of the flux on the 
prtical is zero and the E.M.F. has ita maximum value, 
IlKnely 2 it -^ Nn lO"" volt. Since the E.M.F. in the 
Iriniary must try to prevent tlie gi-owth of the current 
Bud flux) its direction in the diagram must bo vertically 
■ownward!?. Let this be represented by the line 0J3 
Hotted to any convenient volt scale. It is obvious that the 
bpresaed E,M.F. must be equal and opposite ; its vector 
■ill therefore occupy the position 0£,. We neglect in 
Be diagram the influence of the resistance of the primaiy 
nil since the error thereby committed is insignificant. 
the diagram then gives OEi as the E,M.F. impressed on 
pie primary terminals, OS as the E.M.F. obtained on the 
iBcondary terminals, and 01^ as the primary current, the 
tecondar^' current being zero. 

I Ihe power aupphed to the primary is -^' = -? — -^ — -'; 
6r, if instead of using maximum values, we uso effective 
valuer, 

I;, fi = cos (/. i^ e,. 

The apparent power supplied to the primary is i^ e^ and 
Ibe ratio between effective and apparent power, that is 
BOS *^, is called the i^mver fcwtm: 

I It is interesting to note that the flux ON which is 
teoduced by the current i^ does neither in position nor 
pagnibude correspond with the flux that would be pro- 
luced by a constant current of the strength %. Yet the 
iquivalenb alternating current i^ passes actually through 
Ke primary coils, and we should expect that it must pro- 
kce the coiTcsponding magnetization. This is however 
Mt the case. The magnetization is less than coircsponds 
n the ampere turns of exciting power carried by the 
Ibil ; and it lags bcliind the current by the angle ^. 
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This apparent contradiction can however be easily ex- 
plained. The loss on open circuit is due to hjrsteresis and 
eddy currents. If we could obtain a magnetically perfect 
iixjn, and if it were possible to so design the transformer as 
to be absolutely free from eddy currents, then 4 = zero 
and i^ = %. The power factor will also be zero. Assuming 

Fig. 46. 




tLgTlg 



then that it were possible to obtain such a perfect trans- 
former, we could by the addition of a third short circuited 
winding of the proper resistance so alter it that its working 
diasfram would be the same as that of the transformer 
practically possible. The only condition to get the two 
transformers into the same state is that the power which 
is transformed into heat in the third coil of jbhe perfect 
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transformer equals the power wasted in hysteresis aud eddy 
curretits in the imperfect traneformer. It is obvious that 
the current generated in the third coil is on the whole op- 
posed to the primary current, and must therefore weaken 
the magnetization ; and this circumstance explains it — 
why only one component of the idle current (namely, that 
■which stands at right angles to the component wasting 
power) is effective in producing magnetic flux. 

Working under load. — ^We may now consider the working 
diagram of a loaded transformer. For the Hake of simpli- 
city we make at first the two following assumptions — first, 
the transformer has no magnetic leakage ; secondly, the 
load is an absolutely non-inductive resistance. Under 
these circumstances the secondary current must be pro- 
portional to the E.M.F, induced in the secondary coil, and 
must coincide with it in phase. If i^ (Fig. 46) represent 
the magnetizing current, then c'j the E.M.F. in the second- 
ary lags by 00° behind i^ and e'l the E.M.F. in the primary 
is in advance of i^ by 90'. In liis, as in the following 
diagrams, we assume clockwise rotation of the vectors. 

The pressure at the secondary terminals is reprcsentevl 
by the line Oe.;-, thus the distance e^ «i represents the 
voltage drop due to the resL=itance of the secondary coil. 
To find the pressure at the primaTy terminals as regards 
magnitude and position in the diagram, we proceed as 
follows. We plot to an arbitrary scale, the ampere turns in 
the secondary on the vector of the secondary E,M.F. Let 
this be the distance 4 "a- To the same scale we plot Oa 
which represents the ampere turns of the idle current in 
the primary. It is obvious that Oa must be the resulting 
ampere turns of the two coils, and since the ampere turns 
of the secondary coil are known, wc find those of the 
primary coil by drawing the parallelogram as shown in the 
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This appot^nt contradictioti van however bo easily ex- 
pUiD«(L The loas on open circuit is due to hysteresis and 
oidy cunenta. If we could obt&iu a magnetically perfect 
tnio, and if it were possible to so dedgn the transformer as 
to be absolutely free from eddy currents, then i\ = zero 
and i^ = 1^ The power factor will also be zero. Assuming 
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' then that it were possible to obtain such a perfect trwifl- 
former, we could by the addition of a third short cireuited 
winding of the proper resistance bo alter it that its working 
dif^ram would be the same as that of the transformer 
pi-actically possible. The only condition to get the two 
transformers into the same state is that the power which 
id transformed into heat iu the tbird coil of the perfect 
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transformer equals the power wasted in liysteresis aud eddy 
currents in the imperfect transformer. It is obvious that 
the current generated in the third coil is on the whole op- 
posed to the primary current, and must therefore weaken 
the magnetization; and this circumstance explains it — 
why only one component of the idle current (namely, that 
which stands at right angles to the component wa,stiug 
power) is effective in producing magnetic flux. 

Working nnder load.— We may now consider the working 
diagram of a loaded transformer. For the sake of simpli- 
city we make at first the two following assumptions— first, 
the transformer baa no magnetic leakage ; secondly, the 
load is an absolutely non-inductive resistance. Under 
these circumstances the secondary current must be pro- 
portional to the E.M.F. induced in the secondary coil, and 
must coincide with it in phase. If i^ (Fig. *6) represent 
the magnetizing current, then c'j the E.M.F, in the second- 
ary lags by 90° behind i^ and b\ the E.M.F. in the primaiy 
is in advance of i^ by 90°. In this, as in the following 
diagrams, we assume clockwise rotation of the vectors. 

The pressure at the secondary terminals is represented 
by the line Oe^; thus the distance e^ 4 represents the 
voltage drop due to the resistance of the secondary coil. 
To find the pressure at the primary terminals as regards 
magnitude and position in the diagram, we proceed as 
follows. We plot to an arbitrary scale, the ampere turns in 
the secondary on the vector of the secondary E.M.F. Let 
this be the distance % n^. To the same scale we plot Oa 
which represents the ampere tuma of the idle cuiTent in 
the priniaiy. It is obvious that Oa must be the resulting 
ampere turns of the two coils, and since the ampere turns 
of the secondary coil are known, we find those of the 
prunaiy coil by drawing the parallelogram as shown in the 
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figure. We thus obtain i^ », and therefore also the primary 
current ij. This current is being driven through the ap- 
paratus by an electromotive force which must obviously 
have two components ; first, the component Ob required to 
overcome the ohmic resistance of the primary coil, and 
secondly, the component Oe\ to balance the induced 
electromotive force. Tlio resultant, also obtained by con- 
stnicting a parallelogram, is Ocj, which line therefore re- 
preaeuts the electromotive force that has to be supplied 
at the primary terminals in order that the current i^ may 
be drawn from the secondaiy terminals under an electro- 
motive force Cj, A glance at the diagram shows that e, > Cj, 
the difference being in the present case very marked, be- 
cause for the sake of greater clearness we have exagger- 
ated all losses and assumed too large an exciting power. 
If the vectors represent effective values, the following 
relations obtain ; 

Power supplied equals Ci tj cos ij> 

Power given off c^i^ 

EfScieucy n -* .* 

Cl I, CM (p 

In good transformers the idle cuiTcnt is only ^^ to 
of the primaiy cuiTent at full load. The distance Oa i& 
therefore, as compared to the distance i^ n.^, exceedingly 
small when the transformer is working under full load. 
Ifc is obvious that the line i, Jij, that is the vector of 
the primary current, becomes nearly vertical, making the 
angle tft so small that its cosine can, without appreciable 
error, be considered equal to unity. The efficiency therefore 

becomes j; = -5—:^ 

Ha^etic leakage. — Up to the present we have as- 
flumed that the transformer is free of magnetic leakage, so 
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that exactly the same im^etic flux passes through the 
primary and secondary coil. This condition is as a rule 
ijot realizable in practice, because the two circuits must be 
separately wound and insulated from each other, whereby 
intervening spaces are pi-oduced which admit of the 
passage of leakage lines. The result of this leakage flux 
is to increase the counter E.M.F. in the driving (primary) 
coil, and to reduce the E.M.F. in the driven (secondary) 




coil, an effect which will obviously be the greater the 
heavier the transformer is loaded. If the transformer is 
not loaded at all, that is to say, if it is worked on open 
circuit, the effect vanishes completely and the ratio be- 
tween the primary and secondary electro-motive force is 
equal to the ratio between the primary and secondary 
number of turns.* At load, however, the transfoixaing 
ratio rises, by reason of the leakage effect just mentioned, 
and the secondary voltage drops below its value on open 
circuit. 

* A (imall ehange in this ratio may occur wliicli is due to eleetro- 
Btatio capacity in the high presaiue ciiil, if we ti-annfonn fi-om the 
lower to the higher preaaiire. 
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Let in Fig. 47 F and S represent the primary 
secondary coils of a aLell transformer traversed at an; 
particular moment by tlic cnrrents indicated by the dotft 
and crosses. The driving coil P produces a magnetic 
field iVj the lines of which How in the sense indicated by 
the arrows shown in full lines. At the same moment the 
driven coil has the tendency to produce a fiold the lines 
of which have the direction shown by the dotted arrows. 
This field cannot in reality be produced, because the, 

Fig. 48. 



S P 



P S 
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driving power of the primary coil overpowers that of tl 
secondary, so that on the whole the direction of the lini 
in the core within the coils is vertically downwards, but 
the effect of the opposition offered by S, is to crowd lines 
of force laterally outward through the sides AB, bo that 
the flux JVi passing through the primary coil is larger than 
the flux M^ passing through the secondary coil, the 
difference N^ being squeezed laterally through the 
ah. The E.M.F. induced in the secondary coil is thi 
fore not proportional to N, hut to N, — A^o When worki 
on open circuit, the secondary coil carries no current, 
there is consequently no tendency to force part of the flu: 
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laterally outward through A a.nd B. In this case N^=0 
and Ni = N^. The E.M.F, in the secondary is now pro- 
portional to Ni, and therefore greater than before, when we 
assumed the transformer to have been loaded. It follows 
that with a constant primary pressure, the secondary 

Fig. 49. 






pressure is a maximum on open circuit and decreases as 
the load on the secondary increases. This so-called 
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" drop " of a transformer must in most cases he considered 
as an imperfection, and the question arises as to what 
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wiFMiw can be oaed to miDunize this imperfection. Since 
the drop 13 due to the flus .V^ oar aim mnst be to reduce 
ihe Utter, nod thb can be dooe in either or both of the 
two (aBowiMig w»ys. We may redace tbe magnitude of 
the »jTriti»g power of each coit, and we may increase the 
magnetic resistance of tbe lcakag« path. Thus the leakage 
path in fig. 47 ia shorter and vrider than in Fig. 48, and 
we ghall in tbe latter anangemeul obtain a smaller drop 1 
than in tbe former. We can cany this improvement a step 
further by subdividing the primaiy coil into two parts, which 
are separated by the secoodarj" coil as in Fig. 49. In doing 
so we have halved tbe ampere turns which produce the 
leakage flux, whilst at the same time still further reducing 
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Fig. 51. 




the width of their path. The same object is attained in 
the arrangement of Fig, 50. Here we have subdivided J 
each coil into a number of parts, each carrj'ing only aM 
corresponding fraction of the total exciting power. TheJ 
primary coils are sandwiched between the secondary coilsi 
and the leakage flux is produced by a much smallecl 
exciting power, and has a patb of much higher resistance' 1 
than in Fig. 47. This arrangement is also convenient 1 
because the coils need not be wound upon each other, but 
may be wound insulated, and tested independently of j 
each other. 
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FroDi what has been said above, it will be clear tliat the 
effect of leakage can be represented by the addition of two 
magnetic fields (one interlinked with a coil in the primary 
and the other with a coil in the secondary circuit) to the 
main field common to both coils. We may thus imagine 
the practically possible transformer, which has leakage, 
replaced by a perfect transformer T, Fig, 51, having no 
leakage, to which however are added two choking coils I 
and II, the terminals 1 1, 2 2 being outside of the latter. 
At full load the choking coil I produces the field Mi and the 
choking coil II the field JVj. For the sake of simplicity, 
we assume the dimensions of the choking coils such that 
each contains the same number of turns at the correspond- 
ing transformer coil. The field common to both trans- 
former coils is Jf. Then the E.M.F. induced in the 
primary transformer coil is 

e, = 4,44~H, iVlO-*' 
and that induced in the choking coil I is 
e„ = 4,44 - n, N^ lO"*. 
Similarly we have for the secondary circuit 
e^ = 4,44 — 11^ iVj 10-=. 
e^ = 4,44 — j[j JVo 10-^. 
I plotting these values in a clock diagram we must 
t foi^et to place c,^ at right angles to i^ and f,, at right 
igles to i,. 

■ Workinif diagram of transformer having leakage. — We 
. are now in a position to draw the clock diagram of a 
transfonner having leakage. Let for the present its load 
be now inductive (glow-lamps for instance), and assume 
that we have, as mentioned in the begmning of this 
chapter, ari-anged the primary winding ao as to have the 
same number of turns as on the aecondaiy coil. 

Let Otj in Fig. 52 represent the secondary current, Oci^ 
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the pressure at tlie secondary terminals, f^ <''t the loss of 
pressure due to the ohmic resistancQ of the secondary, then 
Ofl'sinnst bo the resultant of the E,M.F. induced by the 
main field JV" and the E.M.F. of self-induction due to the 
leakage field N^. The vector of the latter must lie in such 

Fig. 5:;. ~ 




pogition that e,2 tries to prevent the decrease of i^ ; that I 
to say, it must be drawn horizontally to the right as show 
at c^ in the diagram, which is plotted to the same volb> 
scale as Oe^^. By constructing the parallelogram we obta 
O^B tho E.M,F. which must be imluced in the secondai 
coil in order that the current i, may flow under ' 
terminal pressure e^i- 
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The magnetizing current i^ must be at right angles to 
C;, and in advance of it, whilst the current representing 
loss of power !\ must be in line with e^ c, and of the same 
sense as e^. The position and magnitude of the idle or no- 
load current is thus completely defined. We obtain for it 
in the dia^am the vector i„. The vector of the primary 
current we find by combining i, and i^. Thia gives iy. The 
E.M.F. of self-induction (due to leakage) in the primary 
must stand at right angles to i, and must follow it. In our 
diagram, e., must therefore be drawn to the left. Tlie E.M,F, 
supplied to the primaiy terminals must obviously contain 
three components. 

One component must be equal and opposite Oe^, This 
is given by the vector Oe^, 

One component must be equal and opposite Oc^i, and one 
component must be provided to overcome the ohraic 
resistance, Let the vector of the latter be Oa. 

By adding these three components graphically we 
obtain the point e^i- Oe^^ is the vector of the E.M.F. 
supplied to the primary terminals. A glance at the 
diagram shows that Cj, is greater than C/^, the difl'erence 
being the more marked the greater are the ohmic resist- 
ances of and the E,M. Forces of self-induction in the two 
windings. In both respects the diagram Fig. 52 has been 
ex^gerateJ, so that the influence of each part may be 
more clearly seen. 

It ia interesting to investigate the case of a transformer 
the secondary terminals of which are short-circuited by 
a stout copper wire and amperemeter, thereby making 
r« = 0. We assume the primary E.M.F. to be so atljusted 
that this amperemeter shows the normal secondary cur- 
rent corresponding to full load under normal working 
conditions. The diagram then assumes the form shown 
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This appareBt contradiction can however fee easil 
plained. The loss on open circuit is due to lij'steresi 
eddy currents. If we could obtain a magnetically pi 
iixju, and if it were poasible to so design the transformer as I 
to be absolutely free from eddy currents, then t^ = zero I 

iifi — ia- The power factor will also be zero. Assuming 1 



Fig. 4S. 




then that it were possible to obtain such a perfect trans-3 
former, we could by the addition of a third short circuited J 
winding of the proper resistance so alter it that its workingj 
dif^am would be the same as that of the trausfbrmei 
practically possible. The only condition to get the 1 
transformers into the same state is that the power whic 
is transformed into heat in the third coil of the perfeo 
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transformer equals tlie power wasted in liysteresia and eddy 
currenta in tlie imperfect tranHformer. It is obvious tliat 
tlie current generated in the third coil is on the whole op- 
posed to the primary current, and must therefore weaken 
the magnetization; and this circumstance explains it — 
why only one component of the idle current (namely, that 
which stands at right angles to the component wasting 
power) is effective in producing magnetic flux. 

Working under load. — We may now consider the working 
diagram of a loaded transformer. For the sake of simpli- 
city we make at first the two following assumptions — first, 
the transformer has no magnetic leakage ; secondly, the 
load is an ahaolutely non-inductive resistance. Under 
these circumstances the secondary current must be pro- 
portional to the E.M.F. induced in the secondary coil, and 
must coincide with it in phase. If i^ (Fig. 46) represent 
the magnetizing current, then c\ the E.M.F. in the second- 
ary lags by 90° behind i^ and c\ the E.M.F. in the primary 
ia in advance of i^ by 90°. In this, as in the foUowmg 
diagrams, we assume clockwise rotation of the vectors. 

The pressure at the secondary terminals is represented 
by the line Oe^; thus the distance Fj e^ represents the 
voltage drop due to the resi.stance of the secondary coil. 
To find the pressure at the primary terminals as regards 
magnitude and poyition in the diagram, we proceed aa 
follows. We plot to an arbitrary scale, the ampere turns in 
the secondary on the vector of the secondary E.M.F, Let 
this he the distance i^ w^- ^^ '■^"^ same scale we plot Oa 
which represents the ampere tunis of the idle current in 
the primary. It is obvious that Oa must be tho resulting 
ampere turns of the two coils, and since the ampere turns 
of the secondary coil are known, we find those of the 
primjuy coil by drawing the pai-allelogram as shown in the 
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secondary current. Modern transformers with closed 
mimetic circuit require so little magnetizing current, 
tbat even at moderate loads this assumptiou is very 
nearly true. Let in Fig. 54, OA represent the pressure 
at the secondary terminals, AB the ohmic loss of pressure, 
JiC = r^ the E.M.F, due to self-induction ; and tliere- 
fore OC = fj the E.M.F. induced in the secondary. Let 

Fig. 54. 




the transforming ratio be reduced to unity, then OC=r, i 
also the E,M.F. induced in the primary, and with sjin-J 
metrical windings CD = BC the E.M.F. self-induction in I 
the primary, so that c,, = c^ The ohmic voltage loss in I 
the primary in DE = AB if the losses are equally divided i 
between the two windings as required by a good design. [ 
The line joining .^4, C and E is therefore a straight line, and J 
its inchnation to the vector of secondary terminal pressure! 
is the same for all loads. At a smaller load, for instance^.! 
producing the ohmic loss A'B, the teiminal pressure would! 
be OA' in the secondary and OE in the primary. Thel 
ratio in the length of the lines AE and A'K is the same \ 
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as that in the lines AB and A'B, and the length of the line 
AJi is directly proportional to the lofu.1. 

Let tis now assume that we arc able to vary tlic primary 
K.M.F. in any way which may be required to keep the 
pressure at the secondaiy terminals constant for all loads. 
We draw the Hne A£ (Fig. 55} for foil load, and make 
an ampere scale which corresponds with this length at full 
load, then we can, by using this scale, mark off on tlia line 

Fifi. 55. 




A£! the points E', £!", etc., corresponding to other loads, and 
thus find the primary E.M.F. vector OE", OE", etc., cor- 
responding to these loads. It ia thus possible to determine 
the piimary E.M.F. as a function of the load, if the second- 
ary terminal pressure is to be a constant. 

This is however not the case generally met with in 
practice. As a rule the E.M.F. in the primary or supply- 
circuit is constant, and it is required to find tho secondary 
terminal pressure at each load. This problem can also be 
solved graphically in a very simple manner. 

Oraphic determination of drop. — It has already been 
shown that in all tho triangles OAE, OA'F, etc, the 
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obtuse angle at A^', etc., is the same. The longest side 
of the triangle represents the E.M.F. impressed on the 
primary, and the shortest side the load, that is the current 
iu the secondary. We may now imagine all the triangles 
in Fig. 55 so enlarged or reduced that all the points E He 
on a circle described round as centre, with a radius equal 
to the impressed E.M.F. Let OH in Fig. 56 represent 
this E,M.F. at full load (current represented to a suitable 
scale by the lengths AF) and E", E" the positions of E for 

Fis. 5C. 




smaller loads, then the length OA, OA', OA", etc., gives the 
corresponding pressures at the secondary terminals. As a 
matter of convenience we may also plot the secondary cur- 
rent on a horizontal o/ to a suitable scale, and find the 
points E by projection from the points /, as shown by dotted 
lines. 

If we apply this method to our previous example of a 
10 Kwt. transformer, and assume that at full load the ohmic 
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loss in each winding is 1 per cent., and the E.M.F. oi' self- 
iudnction 10 per cent., we find that tho line OE has an in- 
cliiiiitioH to the horizontal of 1 : 10. If at fiilJ load tlio 
secondary toruiinal pressure ia to be 100 vulta, thon OA 
must be 100 on the volt scale, and tho horizontal distance 
between A and S, 20 on the same scale. The arapere-load 
is to be plotted on the horizontal ol by using a scale on 
which the length ol represents 100 amp&re. Tho current 
is plotted on ol to the same scale, and by projecting the 
corresponding points, first to the circle and then to the 
vertical parallel to JiA, we find the terminal volta OA', 
OA", eta This construction, carried out for various loads, 
gives the following results, the impressed E.M.F. being 
constant. 

Ampt-rea in secondary 25 50 75 100 200 

Terminal pressure 103-S 103-2 102-35 lOl'S 100 92 
The drop between no load and full load is thus 3-S volts. 
The drop between full load and 100 per cent, over load 
(which the transformer is perfectly able to stand for a short 
time) is 8 volts more, or a total between no load and 
double the normal full load of 11-8 volts. 

Up to the present we have assumed that the load is 
non-inductive. It remains yet to extend the investigation 
to cases in which the secondary circuit has also self-induc- 
tion, or capacity, or both. Self-induction is introduced if 
the secondary current is used for feeding motoi-s or arc 
lamps, in which cases there is developed an E.M.F. at right 
angles to the current. The pressure at the secondary 
terminals must therefore have a component equal and 
opposite to this E.M.F. of self-induction, and this com- 
ponent must be in advance over the current by 90°, Let 
t Fig, 57 OA represent the secondary current, OB the 
■omponcTit of the secondary pressure, and 00 the 
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I oonnter EM.F. produced by self-induction. The secondary 
s then represeuted by the vector OD, which ad- 
I vaiicea over the cuireut by the angle 0. We call cos ^ the 
I power factor of the motors or arc lamps worked by the 




r secondary current, and SD is the wattless component of 

I the aecondaiy pressure, 

. It is coucGivable that the secondary circuit contains 
partly appliances having only reaistance, and partly othpr 
appliances having resistance and self-induction. This is 
the case if to the same leads are joined glow-lampe and 
arc-lamps or motors. In a distributing system of 100 




f volts the glow-lamps would be arranged in simple parallel 

J. and the arc-lamps in parallel series of two or three lamps, 

\ In Fig. 58 OE is the vector of secondary pressure, 4> the 

g of that part of the circuit which has self-iuduction, and 
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OA' the corresponding current. The current taken by the 
glow-lamps U in phase with the pressure, and must be re- 
presented by a vector which is parallel to OK Let this 
vector be A'A, then OA is the total cuiTent supplied to 
the circuit and ^ its lag behind the pressure. A glance at 
the diagram show3 that OA -c OA' + A'A and that i^ -e 
<p. If then we measure separately the current supplied to 
the glow-lamps and to the arc-lainpa, and also the cun-ent 
in the undivided part of the circuit, we shall find that the 
latter is less than the sura of the other two currents. Let 
for instance the power factor of the arc-light circuit be 0'71 
(i^ = 45"), and let there he 5 parallel series of lamps, each 
taking 15 ampere, then OA' = 75 ampke. In addition to 
the arc-lamps let us insert a number of glow-lamps, taking 
collectively 32 ampere. The total current is then not 107, 
but only 100 ampere, as will be found on drawiug Fig. 58 
to scale. The power factor of the whole cireuit in then 
cos->ji = 0'85. The transformer is thus apparently loaded 
to 10 Kwt; in reality, however, only to 8'5 Kwt, The re- 
duction in the load is brought about by the phase difference 
between pressure and current. We have now to investi- 
gate what effect this phase difference has on the tenninal 
pressure or on the ratio of primary and secondary terminal 



Let in Fig. 59, OA represent the secondary current and 
OH the terminal pressure. The E.M.F. induced in the 
secondary winding must obviously contain the following 
three components. First, OH ; secondly, £B', to cover the 
ohmic loss ; and thirdly, B'O, to counteract the E.M.F. of 
self-induction. The vector of the secondary E.M.F. is 
therefore OG, and by our assumption of an equal number 
of turns in both coils, 00 is also the K.M.F. induced in the 
primary coil. The E.M.F. impressed on the primary ter- 
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nuDals must also have three components ; namely, OC, CD, 
to counteract self-induction, and DE, to cover tlie ohmie 
Wc bliiis obtain the vector of the E.M.F. impressed 
on the primary temiioiJa OK The inclination of the 
straight line BE is. as before, determined by tlie ratio 
between resistance and reactance. 




With a mixed load of glow-lamps and ares the angle 
tfr varies with the number of lamps of each kind in use at 
any time. If however the load consists only of arc-lamps 
which are switched in or oat in series of two or three, 
then the lag (which we will call 4' in tihis case, compare I 
Fig. 57) remains the same for all loads. The current may, 
as before, be plotted on a line 0/ drawn parallel to £^ {Fig. 
(JO), the scale being so chosen that ol represents full load. 
The pressure on the secondary terminals is for full load OB. J 
For a smaller load o/i the construction shown in the dia- J 
jtram gives a greater pressure, namely OR. By comparing:^ 
this diagram with Fig. 56 it will be seen that the drop i&^l 
greater when the loatl is inductive. This may also mors'fl 
jwwisel)' be seen if wc extend the example previously givea'l 
to A cnso vrherv the load consists of arc-lampe. We investi^ 
guivd the bvhuviouruf a U* Kwt.transf(mner, in which th« 
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ratio of reactance to resistance was 10 : 1. Let us now 
connect the same transformer to an arc-light circuit in 
which cos 4> = 0'7l (<^ = 45°), and construct the diagram 
Fig. 60 for various loads. This gives the figures contained 
in the following table. To facilitate the comparison the 
figures of the previous table are repeated. 



Secondary current in ampere 
Pressure at secondary /co» ^ = 
terminals \cos (ji = 



25 50 75 100 200 

1 103-8 103-2 102-85 101-3 100 92 

0*71 103-8 99-5 95-2 91 86*8 68 



This transformer (2 // resistance and 20 % reactance) 
has on an inductionless resistance a full load drop of less 



Fig. 60. 




than 4 per cent. Although such a performance is not 
quite as good as might be desired, it is tolerable ; for an 
inductive load this transformer is however quite unfit, 
since the drop amounts to as much as 17 per cent. To 
render this transfoimer suitable for motor work, the geo- 
metric arrangement of the winding would have to be so 
altered as to considerably reduce magnetic leakage. If 
tested on short-circuit, the full secondary current must be 
obtained with a primary E.M.F., which at the outside must 
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not exceed 10 per cent, of the normal supply voltage. Thi 
tbe drop at full load with ip = 45" would be about ipet 
cent., which is tolerable lor motor-work, but already 
high for arc-hglitiug. Transformers for arc-lighting, or a 
joint sei-vice of Ugbting and power purposes, must be so 
designed that the product of current and reactance does: 
not exceed 5 per cent, of the normal supply voltage. Thia 
result can be attained by proper grouping and thorough 
subdivision of the coils. 

Our investigation thus far has shown that with a 
constant E.M.F. impressed on the primaiy terminals, the 
pressure on the secondary terminals drops as the load 
increases, the drop being due to the ohmic resistance in 
both coils, and to their reactance. We have also 
that, other things being equal, the drop is the greater, the- 
smaller the power factor of the circuit to which the 
transformer supplies current. 

The case where the circuit has capacity must now 
claim our attention. Capacity also reduces the power 
factor, and it may perhaps be thought that also in this 
case the reduction in the power factor would be accom- 
panied by an increase of voltage drop. This, howevei 
not the case. On the contrary, the introduction of capacity 
into the circuit diminishes the drop, and may under 
certain circumstances even convert it into a rise of 
pressure. To facilitate the investigation, we assume at 
first that the apparatus suppUed with current by tha 
transformer has only resistance and capacity, but no' 
reactance. Let the capacity be a shunt to the resistance 
(a concentric cable feeding glow-lamps is a practical' 
illustration of this case). If S is the maximum E.M.F. 
the capacity in Farad, then EK coulombs are charged into 
and discharged fi-om the condenser twice every period, the 
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charges being alternately positive and negative. Let us 
consider the moment when the E.M.F. has attained its 
positive maximum value, and commences to decrease. 
The condenser is then completely charged by the positive 
current which has up to that time been flowing into it. 
As soon as the E.M.F. begins to decrease, the period of 
discharge begins, the current being now negative, although 
the E.M.F. still remains positive for a quarter-period 
longer. The negative current attains its maximum value 
at the moment when the E.M.F. passes through zero. It 
is therefore in advance over the E.M.F. by a quarter- 
period. 



Fig. 61. 




In Fig. 61 OE represents the position of the E.M.F. 
vector at time " t corresponding to the angle a, and c the 
instantaneous value of the E.M.F. After the lapse of an 
infinitely short time dt the instantaneous value has 

increased hy dc= — Esma dt, and the charge of the con- 

(t V 

denser has been increased by the amount i d t, i being the 
current at time t which has flown under the potential 
diflference de. We have therefore 
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dt 
Tbe (iifiereDtial ijiiotient -^ is determiiiable if tlie shape 

L ftf tbe E.1U. curve b known. Let this be a sine function, 
I then 

tie „ da 



I.V><I since -t a = 



2 » — d ( we have 

^*^ = J2w — C03 
dt 



The condenser coirent attains its maximum value at all 

^ values of a for which cos o = + 1 ; that is to say, 

(or o = 0, a = w, eta It is zero for a = o = ? tt, etc. 

Since the opposite is the case with regard to the instant- 
aneous value of the E.M.F,, we see that the vector of the 
condenser current must stand at right angles to the 



I 



E.M.F, vector, and be i 
maximum value of the c 

and its effective value 



advance over it by i 
mdenser current is 



Lines — j— is the effective value of the E.M.F., which 
^2 
Tire may designate by e; we have also 

i = ^e2ir-- 

In this formula i is given in Ampere, E in Farad, and e 

in Volt. The usual uuit of capacity is, however, not the 

Farad, hut the Microfarad (a million times smaller), and 

t by adopting tliis upit we have 
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the index ^ being added to the sign for the current, to 
show that the latter is a condenser current, which, leading 
over the E.M.F. by 90°, carries no power. Let i^ be the 
watt or power component of the current, the phase of 
which coincides with the phase of the E.M.F., then 

e 



hv = 



W 



W being the ohmic resistance of the apparatus to which 
current is supplied. By reference to Fig. 62 it will be 
seen that the total current i is given by the expression 




Oe is the E.M.F. vector, 0% the vector of the condenser 
current, and Oe^ the vector of the power current. It is 
important to note that the diagram only represents the 
case where capacity and resistance are in parallel, and the 
condenser circuit has so little resistance that it may be 
neglected. This is approximately the case of a concentric 
cable connected at one end to the transformer and at the 
other to glow-lamps. The two conductors form the inner 
and outer coating of the condenser, which is being charged 
and discharged by the condenser current % If all lamps 
are switched out fT = oo and \o = 0. In this case 
<l> = 90° and i = %, The cable takes only the condenser 
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current. Aa lamps are being switched on i„ increases, 
^ decreases, / increases, and tbe power factor increases 
also. 

If arcs instead of glow-laiups are cunnectod to the far 
end of tlie cable, tbere will be reactance in addition to 
resistance. Tlie E.M.F. of self-induction is 

c, = 2 TT -/:■/,„ 

and its phase lags by 90" behind the phase of the current. 
The corresponding component of the E.M.F. impressed on 
the circuit must therefore have this value, but be 00° in 
advance of the current. The watt component c^ is of 




course co-phasal with the current. In Fig. 63 i,„ repre- 
sents the current flowing through the inductive resistance, 
c,„ the watt component of the E.M.F,, and c, the E.M.F. of 
self-induction. By a parallelogram we find Oe, the vector 
of the E.M.F. This not only drives the current through 
the inductive resistance, but it also produces the condenser 
current ij leading by 90°. The total current supplied by 
the transformer is the resultant of (',„ and i,, and its vector 
is Oi. Accordingly as reactance or capacity preponderates, 
the cuiTCnt will lag behind or lead before the E.M.F. In 
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the diagram the relations are so chosen that the current 
leads. 

We have up to the present assumed that the condenser 
forms a shunt to the apparatus absorbing power. This is 
indeed the most frequent case, but it is also possible that 
the circuit is interrupted by a condenser, which is then in 
series with the apparatus absorbing power. A case of 
this kind occurs if a liquid resistance is used in testing 
transformers. A barrel containing salt water or acidulated 
water, and two sheets of lead as electrades, or an iron 
trough containing an alkaline solution, and iron plates for 
electrodes make very eflScient resistances, capable of 
taking up large amounts of power. Liquid resistances 
are for these reasons very often used in lieu of solid 
resistances. It is well known that a metal plate dipping 
into a liquid acts as a condenser of very large capacity, 
and in using a liquid resistance we introduce therefore 
into the circuit a capacity in series with the resistance. 



Fig. 64. 
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Let in Fig. 64 Oi represent the current passing through 
the liquid resistance, and Oe^ the watt component of the 
E.M.F. The E.M.F. required to produce the condenser 
current iis ej^ = i: K2 tt ^ in absolute measure. It lags 
behind the current by 90°, as shown in the diagram. 
The resultant E.M.F., that is the E.M.F. which must be 
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impressed on the temmials of the liquid resistance in 
orcler that the current i may flow through it is Oe. It is 
obvious tliat also iji this case the current liiotls over the 
E.M.F. by a certain angle (in the diagraia the angle if), 
and that the power factor of the liquid resistance is 
smaller than unity. 

In the foregoing it has been shown how the phase-difler- 
ence between current and pressure can be determined for 
every load if the electrical constants of the apparatus re- 
ceiving power are knowiL In this manner the working con- 
ditions of the transformer can in every case be determiuetl. 

Fi^. 65. 




Those cases where the terminal pressure leads as compared 
with the current have already been investigated, and we 
have now to extend the investigation to those cases where 
the current leads over the pressure at the secondary term- 
inals of the transformer, that is to say, where the phase 
angle is negative. The construction previously given can 
obviously also be applied now. In Fig. 65 the current is 
given by the vector OA, and the terminal pressure by the 
vector 0£. The ohmic drop in the secondary is BB", 
and must obviously be p.^raltcl with OA. The E.M.F. of 
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self-induction in the secondary is B'G, which is at right 
angles to OA. The E.M.F. of self-induction in the 
primary is (72), and the ohmic drop in the primary is 
DK We thus obtain 0^ as the vector of the E.M.F., 
which must be impressed on the primary terminals of the 
transformer. Since BR^ DE, and If D are all propor- 
tional to the current, the inclination of the line BE 
remains the same for all loads, and its length may to a 
suitable scale be made to represent the secondary current. 



Fig. 66. 




We assume for the present that the power factor is 
independent of the current. In this case the pressure at 
the secondary terminals may be found for different currents 
by the construction shown in Fig. G6, in which OA 
represents the direction of the current vector, and Oo 
that of the secondary terminal pressure. The inclination 
of lOy on which we measure the secondary current, is 
fixed by the electrical constants of the transformer. lo 
must be parallel to ^2? in Fig. 65. From as centre we 
describe a circle with a radius equal to the E.M.F. 
impressed on the primary terminals (the transforming 
ratio is supposed to be unity). To find the position of 
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the primary E,M.F. vector we measure from o to the lett 
n, distance representing the secondary current, and find 
thus the point /. From / we draw a parallel to o 0, and 
find £. Drawing HB parallel to lo we find B. Then 
Oif is the pressure at the secondary terminals. For a 
smaller current /' the same construction gives the 
pressure OB". 

As will be seen from the diagram, the terminal pressure 
increases with the current. We have therefore with in- 
creasing load, not a drop, but a rise of terminal pressure. 
The rise of pressure depeuds, amongst other tilings, on 
the angle of lead ^. If this is smaller the rise will also 
be less marked, as will easily be seen from the diagram, 
and it is obvious that there must be a certain phase angle, 
for which there is neither rise nor drop of pressure, but 
exactly the same pressure at full load aud at no load. 
For smaller values of </> there will be a drop, but this will 
stilJ be less marked than would be the case if the current 
lagged behind the E.M.F. We thus come to the con- 
clusion that the drop depends, not only on the magnitude, 
but also on the nature of the load. It is greatest for 
inductive loads, smaller for non-inductive loads, and 
smallest (or even negative, i.e. a rise) on loads having, 
capacity. For this reason the use of a liquid resistance 
in testing transformers for drop is misleading. The drop. 
so measured is always smaller than that which would be 
found on a lamp-circuit, and it may even happen that the 
drop on a liquid resistance ia negative, that is to say, that 
the pressure rises when the load is increased. This will 
happen if tlie transformer has much magnetic leakt^Bi 
Thus the worse the transformer the more favourable will 
it appeal' when tested on a liquid resistance. 

Up to the present we have assumed that the angle of 
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lead or lag is the same for all loads, and determined 
tlie pressure at the secondary tenninals as a function of 
the secondary current. In moat cases it is, however, only 
of importance to know the drop or rise at full current, 
since the fitness of a transformer for practical use must 
naturally be judged by its behaviour at full, and not at 
some intermediate, load. On the other hand, it is im- 
^wrtant to know how the secondary pressure depends on 
the power factor of the apparatus to which the trans- 
I'ormer supplies current. The same transformer may be 
intended for use in connection with apparatus of different 
yiwer factor, and it will depend on the change in teiminal 
pressure between full load and no load whether such use 
in practically possible. 

The problem we have to solve is therefore the following — 
Given a transformer of known resistance and reactance. 
The primaiy or supply E.M.F, is constant. Find the 
pressure at the eecondaiy terminals with full secondary 
current, but for different valne.^ of phase angle (j>. The 
graphical solution of this problem ia extremely simple, 
and follows as a matter of course from what has been said 
in connection with Figs. .59 and 6.5. For a constant 
anip^re-load the length of the hue H B is constant, the 
Only variable in the diagram being the angle which the 
Vector of terminal pressure forms with the current vector. 
The inclination of B S is also constant. As i^ changes H 
takes different positions on the circle of primary E.M.F., 
and the locus of B must therefore also be a circle of the 
Sanae radius, the centre of which baa relatively to the 
same displacement as B has to JS. 

Let in Fig. G7 the vertical represent the current vector. 
OS the E.M.F. of self-induction at fuU current, and Sn 
l^e ohmic loss at full cuiTent in both windings ; then o 
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equal and parallel with EJi of Fig. GO, and o is the 
centre of the second circle just mentioned. For a positive 
phase difference (current lagging behind E.M.F.) the 
secondary terminal pressure OB is smaller tban OE, its 
value at no load. For a negative phase difference 0, 
(current leading before the E,M.F,) the secondaiy term- 
inal pressure S, ia greater than its value at no load. 
With a certain negative phase ditferunce i^^ the terminal 
pressure at full load is exactly the same as at no load, 
and we have neither a drop nor a rise of voltage. This: 
pliasc angle is given by the poiub of intersection B^ of 

Fig. 67. 




the two circles, The drop or rise can be directly measured 
in the diagram ; it is the length included between tha 
two circles. If the load ia an inductionless resistance 
having uo capacity tfi = o and the drop is given by the 
distance JS, to B^, The diagram shows very clearly how 
the drop increases as the lag of current behind E.M.F. 
becomes greater in consequence of the greater reactance 
in the apparatus to wliich the transformer supplies 
current. 

The length of tho line o iy, as already pointed out, 
a measure for the secondary current. If the load is re- 
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iluced o is shifted accordingly, and the saioe construction 
can be made for every load. We can thus determine the 
secondary terminal pressure for every working condition 
of the transformer. Such a determination is to be pre- 
ferred to a direct measurement of the drop, for the 
following reasons. In the first place, to make the direct 
measurement reliable, the apparatus serving as a load to 
the transformer must have exactly tlie same power factor 
as obtains in the apparatus to which the transformer will 
have to supply current. A liquid resistance can therefore, 
as a rule, not be used in the teat. Solid resistances and 
lamps are not only more cumbersome, but their adjustment 
to produce one particular lag requires the use of chokiug- 
coils or similar appliances, and this complicates the test. 
In the second place, the direct testing of large trans- 
formers requires an amount of power which is not always 
available ; and lastly, if these difficulties are overcome, we 
have to face the further difficulty of having to determine 
a comparatively small difference between two readings of 
large absolute value, which cannot be done witli great 
accuracy. For these reasons it is better not to attempt any 
direct determination of the drop, but to solve the problem 
indirectly, in the manner described with reference to Fig. 
07.* As an example to show the application of the in- 
direct method, we take a 00 Kwt. transformer having a 
ratio of 3000 to 200 volt. Resistance of primary O'O 
ohm ; ohraic loss 18 volt. Resistance of secondary 0'0036 
ohm ; ohmic loss 1'08 volt. By re<lucing the transforming 
:titio to unity we would have an ohmic loss in the primary 
200 
'SOOU ^ 



■, = rao volt. To dotcvminc the length On 



ithor's puper uii this B\i1iJBct {EhMivUvhii 
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iinil diecuseion thereon. 
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in Fig. 67 we have therefore the following data ; — 

Ohinic loBH in primary 1'20 

„ „ ,, secondary 1'08 

„ „ total 2-28 

We short-circuit the secondary through an ampere- 
meter, and supply as much primary E.M.F. as will just 
suffice to produce the full secondary current of 300 ampere. 
This experiment shows that 255 volt must be supplied to 
the primary terminals. This corresponds to 17 volt at 
the transfonniug ratio of 1 : 1. We have therefore in Fig, 
G7 o = 17 and S = 2-2S, whilst E is 200. We can 
now design the diagram, Fig. G8. A is the current 
vector. On this we mark off the power factor cos i/i. The 
corresponding position of the vector of E.M.F. is OS, and 
the terminal pressure which we scale off on OS ia 187 
volt. In a similar manner we determine the terminal 
pressure for all other values of cos 0. The result is given 
in the following table. 

60 Kwt.-transformer 3000 : 200 volt on open circuit. 
Pressure at secondary tenninals with 300 arap^e in 
secondary and power factors varying from 100 to 50 per 
cent. 

Power fiictor in per cent. 100 99 90 80 70 GO 50 

With leading current . . 197 200 205 207 210 212 213 

With lagging current . . 197 195 190 188 187 186 185 

If used on a glow-lamp circuit this transformer would 

at full load have a drop of only 1 J per cent. ; if iised on a 

circuit containing arc lamps or motors the power factor 

of which is about 070 to 080, the drop would be approxi- 

nately C> per cent. 

The diagi-am Fig. C8 lends to some interesting dedue- 

Itiona. In the majority of cases the circuit has not 

E capacity, but reactance, and the following remarks apply 
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to these cases, that is to say, to the left-hand side of the 
diagram. If we could build a transformer which has 
absolutely no magnetic leakage, then S would be zero, 
and would lie vertically above 0. The inner circle 
would then approach the outer circle more closely as we 
go to the left. In other words, the drop would be greatest 
for an inductionless, and smaller for an inductive re- 
sistance. This case is, however, unattainable in practice, 



Fig. 68. 







Sccde for ihe paweHactor: 



so 






for we can never reduce magnetic leakage to zero. The 
reactance produced by magnetic leakage can, however, 
Avith a very careful design, be made very small, especially 
for low periodicities. Imagine that we have reduced the 
reactance so far as to be equal to the resistance, then 
S = S Oy and o includes with OA an angle of 45^ 
The distance between the two circles would then be ap- 
proximately the same for all values of <^. We should 
thus obtain a transformer which has approximately the 
same drop for all values of the power factor. 

As a rule, the reactance is, however, considerably greater 
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tlum the resistance, auil the two circles diverge towards 
tlie left, Ab a coDsequence the drop increases as tbe 
power factor decreases. If the same transformer is used 
for a high and a low frequency, the pressure at the 
secondary terminals will at full current be lower in the 
former case. The E.M.F. of self-induction is for both 
windings, 

,S' = 2 X 2 77 - Z^ i,, 
that is to say, Sin jiroportional to — . The higher the 
frequency, tlie greater is the divergence between the two 
circles. It must also be borae in mind that the power 
factor of the apparatus to which the transformer supplies 
current (motors or arc-lamps) is lower at the higher 
frequency, and in consequence the vector of E.M.F, in our 
diagram is shifted the more to the left, the higher the 
frequency. Both causes conspire to increase the drop. 
If then the transformer is intended to feed not only glow- 
lamps, but also motors and arc-lamps, the freipeney should 
be chosen as small as compatible with the proper working I 
of alternating current arcs (45 to 50 complete cycles per I 
second). This frequency is also advisable on account of 1 
certain reasons connected with the design of non-synchro- 
nous motors. 



CHAPTER VII 

THE DYNAMOMETER— THE WATTMETER— MEASUREMENT OF lUREGULAR 
CURRENTS — OTHER METHODS OF POWER-MEASUREMENT — TESTING 
TRANSFORMERS— TESTING SHEET-IRON. 

The dynamometer. — We have up to the present always 
supposed that current and E.M.F. follow a sine law. This 
assumption, although very convenient for the analytical 
or graphic treatment of alternate current problems, is 
rarely in accordance with fact, and the question therefore 
arises what errors are introduced by assuming that current 
or E.M.F. change according to a curve which is different 
from that actually obtaining. This question will be 
answered by investigating whether an amperemeter, if 
appUed to the measurement of a current of irregular curve, 
gives the true efifective value of the current, and a watt- 
meter gives its true power. To investigate this matter, it 
is in the first place necessary that we come to an under- 
standing as to what is exactly meant by the term " effective 
current." Let us assume that we have two glow-lamps 
of exactly the same construction, and that one of these is 
fed by a continuous current, and the other by an alternat- 
ing current. If both lamps are brought to the same state 
of incandescence, and absorb therefore an equal amount 
of power, then the effective strength of the alternating 
current will obviously be equal to that of the continuous 
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current. Since both lamps must have the same tempera- 
ture, the resistances must also be equal. Let this be U', 
then the work done iu the time T is /„' W T, if /„ is the 
strength of the continuous current. Tlie work done on 
the other lamp is obviously/^/' W dt, if I denotes the 
momentaiy value of the current, which is, of course, a 
function of the time t, this function being graphically 
represented by the current curve, which may be of any 
shape. The efi'ective value of the alternating current is 
thus la, and is given by the equation 



v yJ 



Pdt. 



The question we have now to consider is whether the 
amperemeter will show this or some other value. All 
the inatrumenta used for measuring alternating currents 
are based upon some electro-dynamic or some heat efifect 
produced by the current. In either case the momentary 
action is proportional to the square of the momentary 
value of the current ; and all these instruments will there- 
fore be equivalent as regards their suitability for measur- 
ing alternating currents. We may thus restrict the 
investigation to one particular type of instrument ; the 
result is vaUd for all other types. 

For this purpose let us select the well-known dynamo- 
meter invented by Weber. The movable coil ia 
pended within the field of the fixed coil, and is thus 
subjected to a deflecting force, which ia proportional ti 
the square of the current, and which ia balanced by thi 
torsional force of a spiral spring. In measuring a con 
tinuous current, /o. the deflecting force is given by the 
1 
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struction of the instrument. The balancing force exerted 
by the spring is proportional to the angular deflection D, 
which must be given to the torsion head to keep the 
pointer at zero. We have thus the equations 

which is the well-known fonnula showing the relation 
between current and reading on a dynamometer. 

The question we have to consider is whether the same 
formula is applicable if the current is not continuous, but 
alternating according to any irregular or regular function 
of the time. Let this function be represented by a curve, 
in which time is measured on the horizontal, and current 
strength on the vertical. By squaring the ordinates we 
obtain a second curve, and the area enclosed between the 
axis of abscissae and this second curve represents the 
expression/^ I^ d t, whilst the height of a rectangle of 



equal base and area represents the square of the effective 
current. The movable coil of the dynamometer is acted 
on by two forces; one being the tension of the spring, 
and the other the electro-dynamic force of the current. 
The former is constant, and the latter variable, but always 
opposed to the former. If I^ is the current at time t, 
the force acting at that time upon the movable coil is 
J) K^—It\ This force produces an acceleration given by the 

expression -, if by m we denote the mass of the 

movable coil reduced to the radius at which the force 
acts. If this mass were suflficiently small, then, this 
acceleration, which is alternately positive and negative, 
would produce a visible oscillatory movement of the coil, 
the velocity of movement being represented by the formula 
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wliereby we nssiimc tLat at time t = o tbe velocity is also 
zero. The mass of tlie movable coil is, however, very 
large in comparison with the forces acting on it, and the 
frequency with which the acceleration changes from a 
positive to a negative maximum is so great that no vi'^ible 
oscillation is produced in the coil. This, moreover, is an 
obvious condition for an exact measurement. The velocity 
V mnst at all times be infinitely small, that is to say 



P^{ DK^-I ^ 



dt = 



From this condition we obtain 



DK' 



tJ ■^' 



At. 



The expression on the right-hand aide of this equation 
13 obviously nothing else than the height of the rectangle 
previously mentioned, that is to say, the square of then 
effective value of the current. We have therefore 

and this is a proof that the dynamometer does real 
measure the true effective value of the current, whatevej 
may be tlie shape of the current curve. The constanq 
K of the instrument may once for all be detcrmini 
calibration with a continuous current, and then used fc* 
all measurements with alternating currents, provided \ 
always that the instrument does not contain any met&t I 
masses in such proximity to the movable coil that . 
disturbing effect through eddy cuiTents Ls produced, 
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The wattmeter. — We have now to investigate the 
problem how a dynamometer may be used for measuring 
power, and to determine whether such measurements are 
accurate for currents of irregular shape. The arrange- 
ment of the instrument is shown in Fig. G9. G is the 

Fig. 69. 







t 




movable, and c the fixed coil. G is the alternator sup- 
plying curreut to the apparatus T, which may be a 
transformer. 

The dynamometer, as usually constructed, has two 
terminals, A and B (or three if the fixed coil is aiTanged 
in two parts, so that the range may be increased). If the 
instrument is intended for measuring power, then the 
connection between the movable and the fixed coil must 
be provided with a third terminal, D, The current at 
which the power is to be measured is then led through 
the fixed coil, whilst a shunt containing an inductionless 
resistance, IF, is arranged between the tenninal 7> of the 
movable coil and the return circuit. The shunt resistance 
may consist of a ribbon of platinoid, constantan, or other 
alloy having a small temperature co-efficient, and the ribbon 
should be wound zigzag fashion, so as to reduce the re- 
actance to a negligible quantity. A series of glow-lamps 
may also be used instead of a metallic resistance, if the 
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relation between cuiTcnt and resistance lias been previously 
nscertained. In tlie shunt circuit we insert an ampere- 
meter, o,, altliougli this is not absolutely necessary'. 

If the resistance W is very large, we may without 
sensible en^or assume that the shunt current is in phase 
with the E.M.F. impressed upon the circuit, which is 
shown by the voltmeter t\. In other words, the current 
flowing through the movable coil has no lag, and is pro- 
portional to the E.M.F. The main current in the fixed 
coil may lag or lead as compared to the E.M.F, If the 
apparatus receiving power b a transformer, the current 
will lag, and the lag will be the greater the more re- 
actance the apparatus has. Let / be the main current 
(maximum value /„), and i is the shunt current (maximum 
value i„), then if E.M.F. and current follow a sine law, 
the turning moment acting on the movable coil is pro- 
portional to 

/„ sin (a — <^) i„ sin o 
a representing the phase of the E.M.F. at the time to 
which the expression refers, and tf> the angle of lag of the 
current pEwsing through c. If by W we denote the re- 
sistance of the shunt, including that of the amperemeter 
O; and connections, we have 

imd the tuiiiing moment may also be considered pro- 
portional to 

/,„8in(a-^)-Jj^sina. 

By twisting the torsion-head of the iustrument we 
apply a twisting couple to the movable coil, which is giveo 
by the expression D IP, 1) being the angular deflection. 
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and K the constant of the instrument. Let m be the 
mass of the movable coil reduced to the radius at which 
the forces act, then the acceleration at the time to which 
the phase angle refers is 

i) JSr2-/,/^sin (a- </») sin a 

rr 

and the velocity attained after the time i is 

V = L/'(Z? K' - /„. ^- «in (a - ^) sin a) dt, 

provided at time t = o the velocity is zero. The mass 
of the coil is very great as compared with the forces, and 
the changes in direction of the electro-dynamic force 
occurs with great rapidity, so that the movable coil can- 
not follow these changes, and remains at rest. In other 
words, V is at all times zero, and this requires that 

iI)K''=fL %rsm (a-</>) sin a 
Tliis equation may also be written as follows — 

jj j^2 ^ hi^f'tm (a - </>) sin a ^ 

COS (b 

The value of the intecral is — —^ and we have therefore 

^ 2 

or by introducing the etiective values of cun'cnt and 
E.M.F. 

i)Z2 = 4/ccos</». 
W 

It has ah-eady been shown that the product /ccos </> is 
the power carried by the current / flowing under a 
potential diflference c, and having a lag 0. The product 
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W DK^ is therefore the power of the alternatiDg current. 

The symbols have the following ineaDing — 

1) is the angular deflection of the torsion-head, 
K is the constant of the instrument which has 
becu determined by calibration with a known 



continuous current i, so that K= 



■JD. 



W is the total shunt resistance in Ohm. 
We may use the instrument as above explained with 
reference to Fig, 69, and also as an ordinary dynamometer, 
using the terminals A and B, but not D, We measure 
fii-st the main current /, arranging the connections as 
shown in Fig. 70, and then the shunt cun^ent e- j W arrang- 
ing the connections as shown in Fig. 71. If it is permissible 



Fig. 70. 



{ 




to neglect the self-induction of the movable coil s 
pai'ed with the self-induction of the apparatus T, and ij 
it is also permissible to neglect the resistance of thel 
fixed coil as compared with the resistance of the shunt 
circuit W, then the dynamometer does not increase the 
lag nor waste power. Let the reading, when arranged . 
according to Fig. 70, be D^, and when arranged aecordingJ 
to Fig. 71, be D^, then 
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K. /A =4,. 



By multiplying these equations we obtain 



Previously we obtained tlie expression 

rV 

which, combined with the above, gives 



cos 9 = — ==_^ 



By thus taking three measurements with the same 
instrument (one power measurement and two current 
measurements), we may find the lag <f>. It is important 
to note that only the readings enter into the equation for 
the lag. In order to determine the latter, it is therefore 
not necessary to know the constant of the instrument, nor 
need we know the shunt resistance. 

Measurement of the power carried by currents of 
irregular form. — ^Up to now we have assumed that current 
and E.M.F. follow a sine law. If they follow any other 
law, the measurement taken by the wattmeter, as ex- 
plained with reference to Fig. 69, will still be perfectly 
correct. The work done by the current in time T is 

/ Icdt=WfIidt. 



The main current /, as well as the shunt current i, may 
be any periodic fimction of the time, the only condition 
being that the frequency must be the same for both. 
This is obviously the case, since both are produced by the 
same E.M.F. The turning moment acting on the movable 
coil is DK^-^Ii, and varies continuously. If the fre- 
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fincDcj' were snfficieotlj small (r very large), and the 
mass of the coil also verj' small, the coil would assume 
aa oscillatoiy movement. But the frequency is great, and 
the mass of the coil is so considerable that no movement 
takes place ; in other words, the integral of the oscilla- 
, tion taken over the time of a complete period, is zero. 
r/ BK*-IC kdt=o 

TDK*=fIidt 



W n lidt. 



It was shown above that 



wr 

lat-siy liili I) 



is the work flone 



I by the current in time T. Since power is work di^ddod 

r bj- time, we have 

WDK =P, 

[ that is to say, the reading of the wattmeter gives the true 

I power P, whatever may be the shape of the current and 

1 E.M.F. curves. 

To make a power measurement by means of a watt- 

' meter, we must know the constant of the instrument, and 

I the exact value of the shunt resistance JV. If the latter 
consists of platinoid or other alloy of sraaJI temperature 
co-efficient, this condition causes no difficulty. If, how- 
ever, a series of glow-lamps is taken as the shunt resist- 
ance, the value of the latter is not constant, but varies 
with the E.M.F, To find (K we may proceed in either of 
two ways : Read the deflection S on the wattmeter, the 
current i on the amperemeter a,, and the E,M.F. e on the 
voltmeter T,. The two latter readings give W^rji, and 
J power is tlien given by the expression 
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The difficulty of this method lies in the necessity to take 
three readings simultaneously. To obviate this, we may 
do away with the reading of the current by calibrating 
the resistance beforehand, which may be done with con- 
tinuous currents. A curve may be plotted, giving W as 
a function of c, and then it suffices to take the readings 
of D and e, W being taken from the curve. The ampere- 
meter ttj may be cut out of circuit, whereby the conditions 
of an inductionless shunt is more easily fulfilled. 

Fiff. 72. 




(^^ 






t. 




If the instrument is connected as shoAvn in Fig. 69, it 
shows the power supplied to the transfonnor and that 
wasted in the shunt, that is, the total power supplied by 
the generator. If only the power given to the trans- 
former is to be measured, the wattmeter must be con- 
nected up as shown in Fig. 72, where the shunt is taken 
from the wire which leads to terminal A. In this case, 
the fixed coil c carries only the cunent passing through 
the primary of the transformer, and the power wasted by 
the current in the movable coil G is not measured. The 
expression 



H gives 
■ If th 

^P then 
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If the supply voltage is higJi, it is advisable to so con- 



s then exactly the power supplied to tlie transformer. 
If the load on the latter coiisists entirely of glow-lamps, 
then tlie product of secondary current and secondary 
terminal pressure is the power delivered by the trans- 
former. We measure on the amperemeter a^ the secondaiy 
current i^, and on the voltmeter u, the secondary pressure 

I!,. The efEcieucy of the transfomier is then given by the 
expression 
If the 

nect the wattmeter that in the instrument itself no great 
potential difference can arise. Othei-wise there is the 
risk of breaking down its insulation. Fig. 73 shows the 
arrangement of connections which should on that account 
be avoided. Theoretically Fig. 73 is equivalent with Fig. 
72; the latter arrangement is, however, from a practical 
point of view, preferable, because the highest potential 
difference which can arise between the iixed and movable 
coil is only that due to the resistance and reactance of the J 
latter, and is therefore only a small fraction of the total! 
pressure. On account of safety in handling the instrumental 
it ia also advisable to earth that terminal of the generatoi? I 
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which is directly connected with the terminal A of the 
wattmeter. 

The theory of the wattmeter given above is only correct 
if the assumption of a perfectly inductionless shunt 
circuit is justified, by reason of the inductionless resistance 
being very great as compared with the self-induction of 
the movable coil in series with it. There will then be 
almost no lag of the current in this coil. To reduce the 
lag absolutely to zero is, of course, impossible, since the 
action of the instrument pre-supposes the existence of a 

Fig. 74. 




mechanical force, which can only be obtained by means 
of a coil producing a magnetic field of its own, that is to 
say, having a certain amount of self-induction which must 
produce some lag. With careful workmanship, the self- 
induction can, however, be brought down to such limits 

that the condition i=-jT^ is practically fulfilled. If 

this condition is not fulfilled, a correction to the reading 
must be made as shown in the following theory. 

Let Oe in Fig. 74 represent the vectpr of the total 
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supply pressure, and Oi that of the luain current througU^ 

the fixed coil, which has a la^ <f>, so that I 

, . Sir— Z ' 

tan0=— j^-^-. 

Itt -^ L is the reactance, and W the resistance of the 
apparatus to which power is suppHed. The power is 
OixOa. I 

If there were absolutely no self-induction in the watt- I 
meter, the shunt current would be in phase with e. As 
there is some self-induction, it lags behind by an angle 
which we denote by i/', and assumes in the diagram the 
pasition Oi^. If "' is the shunt resistance, and / its co- 
efficient of self-induction, we have 

tan V = 

w 

The wattmeter will then nob indicate the true power 

Oiy.0a, but the apparent power OixOf. To find the 

true power, we must therefore multiply the reading by the 

ratio -c— . Let P' be the apparent power shown by the 

iiifltrmnent, and P the tme power, then 



Since Oa=0 excos ^ and Oc=0?ixcos (^ — \//5 = 
cos ^ COS (^— i/f) we have also 



Since i/* is a constant of the instrument, it may 
determined once for all. The phase difference betwoeni 
main and shunt current may be found from 
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as previously explained. Since y^ is known, we know 
also <^, and can determine the correcting factor. The 
above expression may also be written in the form 

p_p/ 1+tanV ^ 
1 + tan tan yjr 

Is '^<;0, the correcting factor becomes smaller than 

unity, that is to say, the true power is smaller than that 

read off on the wattmeter ; is \/^ >- (which may happen 

if the power circuit has capacity, or only resistance, whilst 

the wattmeter has too much self-induction), then the true 

power is larger than that read off on the wattmeter. 

There are two values of ^, for which the reading of the 

wattmeter gives absolutely the true power. This will 

obviously be the case if the correcting factor equals unity ; 

namely if V^ = 0, and \/^ = 0. In the former case we have 

an instrument with negligible self-induction, and in the 

latter case the self-induction in the shunt happens to be 

of such a value as to produce the same lag as in the main 

circuit. The case most frequently occurring in practice is 

that there is some lag in the main circuit, and that >• Y^ 

especially with wattmeters of modem construction, where 

\/r is very small. The correcting factor is then slightly 

less than unity, and attains its minimum if happens to be 

equal to 2 y^. This gives the greatest error possible, and the 

correcting factor is then ^5^. For all other values of 

cos- 

0, either greater or smaller than 2 y\r, the error is less, and 
the correcting factor approaches more nearly to unity. 
The following table gives the maximum possible error for 
different values of 0. 
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meaBoring power.— MeaBuremeat of 


power may te 


made in a variety of ways. For con- 



venience and accuracy the wattmeter ia preferable, but 
where such an instrument is not to hand, some other 
method must be employed. We may broadly divide all 
power measurements into two classes : (a) Absorption 
methods, whereby the power to be measured is absorbed 
by the apparatus itself which we use for measuring ; and 
(i) Transmission methods, where the power merely pisses 
through the measuring apparatus, but is not absorbed 
therein. 

As an example of the first kind of measurement, we- 
may take the arrangement often used for alternators, 
whereby the output of the machine ia taken up in a 
resistance which need not be absoluely inductionless. lb 
should, however, consist of a metal or alloy having a small 
temperature co-efficient, such as platinoid, manganin, con- 
stantan, etc. For the measurement we require an accurate 
amperemeter and a Wheatstone bridge. After running 
long enough to get the resistance heated up to its final 
temperature, a reading of the amperemeter ia taken, and 
the current is then switched off the resistance, the time 
bemg carefully noted. As quickly as possible the re- 
I aistanco ia connected to the Wheatatone bridge, and 
resistance measurements are taken at fi-equent time- 
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intervals. A curve may then be plotted giving the re- 
sistance as a function of the time, and this curve, pro- 
longed backwards to the moment when the machine current 
was switched oflf, gives the actual value of the resistance 
when the current was passing through it. The power 
taken up is then given by the product resistance x square 
of current. By adjusting the bridge beforehand, and 
arranging the switches so as to facilitate the changing 
over from the power circuit to the bridge circuit, a high 
degree of accuracy may be attained by this method. 

Another example of the absorption method is the 
measurement of the power wasted in a transformer by 
means of temperature readings. The temperature of the 
transformer is taken at normal load; the alternating 
current is then switched off and a continuous cun-ent is 
sent through the primary, which is so regulated as to keep 
the temperature up to the same point. The power wasted 
by the continuous current is the same as that previously 
wasted in the transformer, working under normal con- 
ditions, and the latter can therefore be accurately deter- 
mined by volt and current measurements. It is advisable 
to use a spirit thermometer, since a mercury thermometer 
may show too high a reading, the error being due to eddy 
currents set up in the mercury in the bulb by the stray 
magnetic field. On the whole this method of measuring 
power cannot be recommended ; it is at best only a crude 
approximation, and requires much time and personal skill. 

As examples of the transmission method of power 
measurement, may be mentioned the use of the wattmeter 
as already explained, the " Three- Voltmeter Method " of 
Professor Ayton, and the " Three-Amperemeter Method " 
of Professor Fleming. 

Three-voltmeter method. — The application of this 
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Fig. 75. 



innii^wni^ 



i 

^^B mctlioil will be uiiderstood horn Fig. 7o, whvrc G 

^^P aud r tlie trausfonuer absorbing the power wbicb we wish 
^H to measure. A voltmeter is placed between the main 
^V leads ; let its reading be e. Another voltmeter is used to 
show the pot«utial difference e^ between the terminals of 
the inductionless resistance, and a third instrument shows 
the potential difference between the terminals of the 
primary of the transformer. Instead of using tUreo 
voltmeters, we may of course use the same instrument i'or 
taking all three readings by arranging a suitable system of 
switches. This arrangement is preferable on account of its 
greater simplicity, and because slight errors in the calibra- 
tions of the instrument have less influence on the result. 
The clock diagram of this arrangement is shown in Fig 76. 
01 is the current, OSi—e, is the E.M.F. impressed on 
the transformer, and E^Els, the E,M.F, absorbed in the resist- 
ance W. Since the latter is inductionless, its vector E^S 
must be parallel to the current vector 01. OE=e is the 
tutal E.M.F. The watt-component of the im; 
E.M.F. e, is e.^.= OA and the energy is 01 X OA. Since 
only the coil has inductance we have A E,=^B E=e,, the 
E,M.F. of self-induction, and the following i^r|uation3 
obtain — 



THBEE-VOLTMETEB METHOD, 



from which we find 



^to 



_c2-e,2_,^2 
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The power is given by the formula — 

To find the power we must take four readings, namely, 
three voltmeter readings and one amperemeter reading. 



\^ 



\ 



Fig. 76. 




>e 



TV 



If the resistance W is accurately known, the last reading 
may be omitted and the power calculated according to 
the formula — 



P = 



c^ — 6i^ — c/ 



2 W 



This is the power actually supplied to the apparatus T, 
in our case a transformer. If we want to know the power 
supplied by the generator G, e^j W, the power lost in the 
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^H resialaucc uiust ol' coiii*se be iwlded, and we obtain 

I 



2ir 




loBtcad of calculating P, we can find the watt-component 
gi^apliically by drawing circles with radii f, and e, and 
shifting a vertical line parallel to itself until a. position is 
found in which the piece contained between the two cii^cles 
is exactly equal to Cj. This gives the position of the point 
^i in Fig. 7(i, and therefore also the lengtli of the vector 
OA = c.„. The power is then 



The diagram shows at a glance that a small error in the 
volt-measurements will produce the larger ao error in the 
determination of the power the nearer the circle of r^ is to 
or c, and that the error will he least if Oj is midway between 
and c. To obtain an accurate measurement of power 
by this method we must, therefore, so chose the resistance 
W that Cj docs not sensibly differ from e„ that is to say, 
that about tiie same pressure is lost in the resistance as 
is used in the apparatus under test. The total voltage c* 
must then be considerably greater (from li to 2 times) 
than that reijuired by the apparatus under test. If t^ 
suitable generator is at hand, or if we can transform up 
to get this extm voltage, the method is convenient and 
accurate, but failing these conditions the metiiod is in- 
applicable. In this case we can use the aualagous 

Three-amperemeter method, devised by Dr. Fleming. — 
Tlii.s method is especially applicable if the testing current 
is obtained from an electricity works at the pressure 
required by the apparatus to be tested. The arrangement^ 
is shown iu Fig. 77. The cunent is supplied at the 
terminals A' and paaycs through an amperemeter oa. 
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the other side of which it is divided into two circuits, 
one containing the transformer ^ to be tested, and the 
other an inductionless resistance W. These two currents 
are measured on the amperemeters a^ and a^ ; the pressure 
is measured on the voltmeter e. The clock diagram of 
this combination is shown in Fig. 78, where OE represents 

Fig. 77. 









the pressure of the supply current ij the primary current 
of T and \„ its power component ; ig is the current flowing 
through the resistance W ; and its vector must of course 
be parallel with OE. From the diagram it will be seen 
that the following relation obtains — 

The power is given by 

P=ei = ^ (flliLzA') 
" 2 ^2 
If the resistance W is accurately known, the reading for c 

Fig. 78. 




need not be taken, and the power may be calculated from 

M 
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^H Also in this method accuracy depends upon the proper 
^H choice of the resistance. It should be so adjusted that % 
^H is not sensibly different from i, ; the total current * will 
^B then be from Ij to 2 timea the primary current ii taken 
^1 by the transformer. 

^H In considering both methods, we have tacitly assumed 

^H that current and pressure follow a sme law ; the question 
^M now arises, whether these methods will give accurate 
^H results if this condition is not fulfilled, that is to say, if 
^H the curves representing E.M.F. and current are of irregular 
^H shape. That the wattmeter gives correct indications 
^B also in such cases has ahcady been shown, and since 
^H simultaneous measurements by means of a wattmeter and 
^B one or the other methods here described are always in 
accord, we naturally conclude that these methods must 
also be generally apphcable. Apart from such experi- 
mental proof, this can also be shown by theory. For 
this purpose we shall consider the three-voltmeter method, 
the application to the analogous case of the three-ampere- 
meter method will then be self-evident. Let in the 
■ following the letters e and i denote the instantaneous values 
of E.M.F. and current respectively, then the expression 

is valid at any time for t. We also have at all times 
and the power at any moment is 
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The work done in the time T of a complete cycle ia y"^ jidl, 
and the effective power 13 



P= 



1 1 



It has been previously aliown that the expression -^J^ e'dt 

is simply the square of the effective pressure indicated 
by the voltmeter; if now we denote these effective 
pressures by e, e^, e^ respectively, we have 

sir-*- ^' ^^> 
Since in arriving at this result (which is exactly the same 
as that reached by the graphic method), we have made no 
assumption whatever as regards the shape of the E.M.F. 
curve, it follows that the three-voltmeter method is applic- 
able to currents of any form. 

Testing transformers. — By means of the vai'ious methods 
above explained the output aud efficiency of transformers 
can be determined. It is of course necessary to have a 
source of current capable of supplying all the power wanted, 
and some apparatus capable to absorb the full output of 
the transformer. To obtain by this direct method any- 
thing like a reliable figure for the efficiency, input and 
output must be measured with extreme accuracy, the 
reason being that the two arc not very different, and a 
small error in the determination of one or the other 
causes a great error iu their calculated ratio. Let for 
instance the real input be 100 and the real output 97 
Kwt., and let there be an error of 1 per cent, in each 
measurement, the error being negative in the measurement 
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of the input and positive in the measurement of the out- ' 
put. The measurements would then be 9!) and 08 Kwt. 
respectively, and the calculated efficiency would be 99 per 
cent, instead of 97 per cent., which it really ia. To reduce 
as much as possible the magnitude of the error in the 
determination of the efficiency, it is advisable to make this 
determination by an indirect method in the following way. 
The test is. made simultaneously on two equal transformers, 
which are so connected that the output of No. 1 forma the 
input of No. 2, and the output of this, supplemented by 
an external source of power again, the input of No. 1, 

Fij-. 79, 
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We obtain thus a circulation of power through the two 
transformers, and need only supply as much power as is 
wasted in both. This is a small amount, and need only 
be measured with a moderate degree of accuracy. The 
power circulating is also measured, and it will be obvious 
that small or moderate errors in both measurements cannot 
seriously affect the accuracy of the result. The arrange- 
ment of apparatus is shown in Fig. 79. D and B are the 
two equal transformers, and (7 is a small auxiliary traus- i 
former which supplies the waste power and thus keeps the 
total power in circulation. Into the primary of C w 
insert an inductionless rheostat H, for the purpose i 
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adjusting the pressure suppUetl to C, so aa to obtain iu the 
amperemeter o the normal full load secondary current 
of the big transformers. The connection between the 
latter must of course be so arranged that their E.M. Forces 
oppose each other. If the large transformers were only 
connected to C, the full current could be obtained in them, 
but not the pressure. To insure that also the right 
pressure is maintained in B and D, we connect their 
primaries with the generator G, as shown in the diagram. 
It' now we open the rheostat completely, and short-circuit 
the secondary of C, then the generator has to supply only 
the no load losses of B and D, which will be indicated on 
the wattmeter W, provided the two-way switch S is put 
to contact o, as shown in the diagram. Since both trans- 
formers are equal, no cuiTent will be indicated iu a. Now 
let us insert G and adjust the rheostat until a indicates 
the full load current. Then the large transformers are 
both working under fiill load and the wattmeter measures 
all losses. These are : The ohmic loss in B and the losses 
in C, B and D. Since we know the efficiency of the small 
transformer, and can measure its primary current on the 
amperemeter Oj, we can calculate the power which the 
small transformer supplies to the two large transform ei-s. 
If the switch is placed on its contact a, the wattmeter 
indicates the total power given off by the generator. Let 
this he Py If the switch is placed on h it indicates only 
that part of the power which flows to the rheostat and 
auxiliary transformer. Let this bo Pc. The primary 
current of C is measured in a^. Let this be i. If to is 
the resistance of the rheostat, corresponding to the position 
of its conta<M, then the power supplied to (? is P^—i?w. 
Let ri' be the efficiency of C, then jj' (/*„ — ^tv) is the power 
given off by C The generator delivers to the primaries 
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^^K of tbe two transformeis the power F, — P, and the auxiLuy 

^H transformer deliTers ^' (P^— »"»). The total power wasted 

^H in B and D is therefore 

^V P, = /", - P, + 1' (P, - 1 V). 

^H If P is the oatpDt and rj the efficiency of transformer D, 

^* then a receives an inpnt of P watt and gives an output of 

I) F watt. B receives an input of i P watt, and gi' 

output of tj' P watt. From this follows 

Since P„ is verj' small as compared with F, it ia obvious 
that a moderate error in the determination of F^ can only 
produce a very small error in the determination of the 
efficiency ij. According to our previous example, we 
would have for P=100, Pp = G. If we measure accuritely, 
we obtain 

,, = ,V>/94 = 0-!)G95. 

I Now let us assume that we do not measure accurately, 
but commit an error of 1 per cent, in the measurement of 
P and 5 per cent, in that of P„, then the maximum 
possible error which can occur in the detennination of the 
efficiency is only \ per cent. 

This indirect method of determining efficiency ia there- 
fore far and away more accurate than the direct method. 
It lias moreover also other advantages. In the firet place, 

no apparatus is required for taking up the output of the 

transformer under test; and, secondly, only a moderate 
amount of power need be employed. Both are import- 
ant considerations when lai^c transformers are to be 
'.tested. 
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The heating ol' transformers can be inveBtigated in the 
following way. The tranaformera aro first heated in a 
stove or diying-room to that temperature which they will 
probably assume iu continuous work. Where a hot room 
is not available, the heating may also be done by passing 
through the fine wire winding a continuous current from 
a secondary battery. When the transformers have been 
brought up to near their probable working temperature, 
they are loaded, the connection of Fig. 79 being preferably 
employed, and the temperature is taken at stated time- 
intervals by means of spirit thermometers. The readings 
are plotted in a curve of which the abscissae represent 
time and the ordinatea temperature, and the test is 
continued until the curve becomes horizontal. If an 
uninterrupted supply of alternating current is available, 
the preliminary heating can be dispensed with. The 
transformer are then connected up from the first, as shown 
in Fig. 79, and kept at work until they have attained their 
maximum temperature. 

The drop may be tested directly under normal working 
conditions, or by the indirect method given in Chapter VI. 
The latter is more simple and accurate. 

The insulation test should be taken immediately after 
the heating test. It is also advisable to flash the traus- 
former, so that any weak spot in the insulation may be 
found out and remedied before the apparatus is set 
to work. For this purpose, temporary connections should 
V>e made between (n) a primary and secondary terminal ; 
C[fr) a primary terminal and eaith ; (c) a secondary terminal 
and earth. Care must of course be taken that during 
these tests both poles of the generator are well insulated 
fcom earth, 
^^L Testing sheet-iron.— The methods in use for the deter- 
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^H mijiBtioQ of the permeability and the hysteresis loop of 
^B Bampie hars canoot conveniently be applied for sample 
^H sheets, because the attainment of a really reliable magnetic 
^B coBtacl at the ends of the sample is very difficult. It is 
^B of course possible to find the hysteresis loop for sample 
^f sheets prepared as rings, but since each ring has to be 
specially wound with a magnetizing and a pilot coil, this 
method is too cumbersome for practical work. Moreover, 
the result is arrived at indirectly. From a practical point 
of view we do not require to know the exact shape of the- 
hysteresis loop; all we care to know is the power wasted 
both in hysteresis and in eddy currents in a known weight 
of sheet-iron at a given induction and a given frequency. 
The most direct method is obviously to measure the power 
lost in the sample by means of a wattmeter. The per- 
meability cannot be found that way, but can be estimated 
with a fair degree of accuracy from the power factor of 
actual transformers when working with open secondary. 
Transformers used for this purpose must of course not have 
butt-joints. 

I A verj' simple way for testing sheets is to make stamp- 
ings of the shape used for transformers, and to insert them 
in the usual way into a coil of known number of turns. 
The induction is found from the terminal pressure, the 
section of iron 8 inside the coil and the number of its 
turns ?^. 



= i-ii~-nSB10-'. 



Il 



The ohraic loss of pressure being veiy small may be 
neglected. The total loss is due to hysteresis and eddy 
currents in the iron. If the inductiou remains the same 
whilst the frequency is changed, then the loss through 
eddy currents vai'ies with the square of the frequency. 
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whilst the hysteresis loss varies as the frequency. It is 
t^Irns possible to separate the two losses. For this purpose 
Ave need only vary J^ proportionally with ^ and determine 
tilie power lost in each case. Let us assume that we have 
made two measurements, P^ and Pj for the power lost, 
A?vhich correspond to the two frequencies ^i and ^2 re- 
spectively. We have then 

^ and / being as yet unknown co-efficients relating to 
liysteresis and eddy current losses. Tliese co-efficients can 
xiow be found from the two equations, and we obtain thus 
SI means to separate the two losses. Tlie hysteresis loss 
for the frequency ^ is then given by 

^nd the eddy current loss is given by 

Hn testing iron as here described, it is of course necessary 
"to employ the sample sheets in a form which permits the 
building up of a transformer core. It is however not 
always convenient to stamp or cut-out the sheets in this 
particular form, and if a method can be found by which 
the samples may have the shape of straight strips the 
preparation of the batch would be easier, and no iron 
need be wasted. 

Such a method of testing has been devised by several 
engineers. Herr von Dolivo Dobrowolsky uses the ap- 
paratus shown in Fig. 80.^ It consists of two I 1 shaped 

cores of sheet-iron, which can be laid together either 
directly or placed on either side of the sample A A to be 

* ThiB illustration is taken from the ElekteHechnische Zeitschrift, 
1892, Ko. 30, page 406. 
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■ tested. The sample is composed of rectangular sheets 
B aod forms the common yoke to the electro-magnets n s. 
B When the magnets are placed directly in contact, the 
W direction of the current through the coils is such that both 
H drive the induction in the same sense ; when the sample 

■ is inserted the connections are charged by means of the 
switch B, in such manner as to produce the polarity 
indicated in the diagram. The flux now passes from both 
magnets through the yoke. The current is measured by 



i'i^j^ 




a dynamometer mai'ked HL Di/n. in the tigurej and the 
I pressure by a Cardew voltmeter marked Card. Tlie power 
is measured by a wattmeter inserted as shown. In using 
the apparatus the magnets are laid together and the switch 
is put into the position which produces circular magnetiza- 
tion. The power corresponding to varioiis values of the 
I induction is then measured, the induction being calculated 
I from the frequency, the pressure and the known data of 
iie coils and magnet cores, The sample is then inaerted, 
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the switch changed over and the meaaurementet repeated. 
The aectional area of the sample should be about double 
that of the magnets. The difference between the two 
seta of measurements is then the power wasted in the 
sample at the various values of the induction. A draw- 
back of this method is the difference in megnetic leakage 
with and without the sample. If the magnets are laid 
together directly, and magnetized circularly, there is hardly 
any leakage, and B can be calculated froni E with great 
accuracy. If the sample is inserted, the magnetic resistanco 
is increased, and leakage produced which diminishes the 
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value of fi in the sample. At the same time there is a 
difference in the value of the induction along the magnet 
cores, the induction being a maximuoi in the centre of 
each core. E can therefore no longer be regarded as an 
exact measure for B, and an error is thus introduced. 

To avoid this difficulty, the author has constructed the 
apparatus shown in Fig. 81. The sample consists in this 
apparatus also of a hatch of rectangular plates, and forms 
one of the two longer sides of a rectangular frame, the 

three other sides being fomied by | | shaped plates of 

known magnetic quality. Both larger sides ai'e sur- 
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tlie rotation, and the work lost in hysteresis and eddy 
ciirrents per revolution is 2 tt x Torque. The torque is indi- 
cated on the scale by the pointer, and since 2ir is a constant, 
ve find that the deflection of the pointer gives du*ectly 
a measure for the loss per cycle, the speed of rotation 

Fig. 82. 




llaving no influence as long as it is not so high as to 
Sensibly augment eddy current losses. 

The sample sheets are prepared to a gauge, the length 
being sensibly less than the polar gap of the magnet, so 
that the magnetic resistance of the air gap preponderates 
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of the input and positive ia the meaaurement of the out- ' 
put. The measurements would then be 99 and 98 Kwt. 
respectively, and the calcuLited efficiency would be 99 per 
cent, instead of 97 per cent,, which ib really is. To reduce 
as much as possible the magnitude of the error in the 
determiuation of the efficiency, it is advisable to make this 
determination by an indirect method in the following way. 
The test is_made simultaneously on two equal transformers, 
which are so connected that the output of No. 1 forms the 
input of Na 2, and the output of this, supplemented by 
an external source of power again, the input of No. 1, 

iig. 79. 
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We obtain thus » circulation of power through the two 
tnuisforaiers, and need only supply as much power as 
Vfsstwi ia both. This is a small amount, and need only 
h»' niwtsunsl with a moderate d^ree of accuracy. The 
|x')icr>r riivulMting is also measured, and it will be obvious 
Uutl anuJt or modemte enois in both measurements cannot 
wriwsly affect the accuracy d tbe result The arrange- 
wmA «f M}tp«rfttas is sbomi in Vig. 79. 2> and B are the 
IVftt iHjUftl liMUsfi.'muofSs and f? is a small anxiliaiy trans- 
K<inu<E>r wkiclt suf^Jies the 'waste power and thus keeps the 
K4al }k,i«vr m rtn.'^lation. Into the primaiy of C we 
r towH <NII i»jiKlM^«6S iheOBtat Jt, for the purpose of 
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adjusting the pressure supplied to (7, so as to obtain in the 
amperemeter a the normal full load secondary current 
of the big transformers. The connection between the 
latter must of course be so arranged that their E.M. Forces 
oppose each other. If the large transformers were only 
connected to C, the full current could be obtained in them, 
but not the pressure. To insure that also the right 
pressure is maintained in B and D, we connect their 
primaries with the generator G, as shown in the diagram. 
If now we open the rheostat completely, and short-circuit 
the secondary of C, then the generator has to supply only 
the no load losses of JB and D, which will be indicated on 
the wattmeter W, provided the two-way switch S is put 
to contact a, as shown in the diagram. Since both trans- 
formers are equal, no current will be indicated in a. Now 
let us insert C and adjust the rheostat until a indicates 
the full load current. Then the large transformers are 
both working under full load and the wattmeter measures 
all losses. These are : The ohmic loss in B and the losses 
in (7, B and B, Since we know the efficiency of the small 
transformer, and can measure its primary current on the 
amperemeter a^, we can calculate the power which the 
small transformer supplies to the two large transformers. 
If the switch is placed on its contact a, the wattmeter 
indicates the total power given off by the generator. Let 
this be Pi. If the switch is placed on b it indicates only 
that part of the power which flows to the rheostat and 
auxiliary transformer. Let this be Be. The primary 
current of G is measured in a^. Let this be i. If w is 
the resistance of the rheostat, corresponding to the position 
of its contact, then the power supplied to is B^ — i^w. 
Let r)' be the efficiency of C, then ri' (Bc — i^w) is the power 
given off by C. The generator delivers to the primaries 
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primary circuits and on the insulation of the 
circuit. It may be a few hundred volta only, or it may be 
equal to the full primary voltage. If in the latter case a 
person touches any part of the secondary circuit he will 
receive a dangerous or fatal shock. To avoid this danger 
several expedients are possible. One very obvious pre- 
ventive is to placG between the two windings a metallic 
dividing-sheet which is well earthed. If the insulation 
between the two windings is damaged, contact is not made 
between the primary and secondary direct, but through 
the intervention of this dividing-sheet, and thus the po- 
tential of the secondaiy is prevented from rising to any 
dangerous extent. This appliance ensures safety only in 
so far as regards a leak from one winding to the other, but 
it is useless against a leak in any other part of the trans- 
former, for instance, between the primary and secondary 
Icading-in wires. Although in a proper design, and with 
careful workmanship, such a leak may be regarded as 
almost impossible, yet we must admit the possibility that 
design or fitting up may not be perfect, and for such cases 
protectionary measures become necessary. The simplest 
way of obtaining protection is to earth some point of the 
aecoudary circuit, preferably the middle of the winding, 
since then the potential difference of the secondary mains 
to earth becomes a minimum, namely, equal to half the 
voltage. If contact takes place anywhere between primary 
and secondary, the former is thereby connected to earth, 
and all danger of a fatal shock is avoided. The danger as 
regards fire is, on the other hand, increased by this ex- 
pedient. If the whole of the secondary circuit is insulated' 
from earth, a fault must occur at two places of differenfer 
potential before a danger in respect of fire can arise, but 
if one point of the secondary circuit is permanently con- 
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The heating of transfonners can be investigated in tiic 
following way. The transformers are first heated in a 
stove or drying-room to that temperature which they will 
probably assume iu continuous work. Where a hot room 
is not available, the heating may also be done by passing 
through the fine wire winding a continuous current from 
a secondary battery. When the transformers have been 
brought up to near their probable working temperature, 
they are loaded, the connection of Fig. 79 being preferably 
employed, and the temperature is taken at stated time- 
intervals by means of spirit thermometers. The readings 
are plotted in a curve of which the abscissje represent 
time and the ordinates temperature, and the test is 
continued until the curve becomes horizontal. If an 
uninterrupted supply of alternating current is available, 
the preliminary heating can be dispensed with. The 
transformers are then connected up from the first, as shown 
in Fig, 79, and kept at work until they have attained their 
maximum temperature. 

The drop may be tested directly under normal working 
conditions, or by the indirect method given in Chapter VI. 
T!ic latter is more simple and accurate. 

The insulation test should be taken immediately after 
the heating test. It is also advisable to flash the trans- 
former, so that any weak spot in the insulation may be 
found out and remedied before the apparatus is set 
to work. For this purpose, temporary connections should 
be made between (a) a primary and secondary terminal ; 
(i) a primary terminal and earth ; (c) a secondaiy terminal 
and earth. Care must of course be taken that during 
these tests both poles of the generator are well insulated 
from earth. 

Testing sheet-iron, — The methods in use for the deter- 
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A safety device iuvented Ly Major Cardew, and mucb' 
used in England, is shown ia Fig. 84. In tliis arrange- 
ment the action depends on electrostatic attraction be- 
tween a plate E connec'^d to the secondaiy, aud an alu- 
minium foil lying on a plate connected to earth. The 
aluminium foil has the form of two discs connected by a 
narrow bridge, and is together with the two plates enclosed 
in a box, provision being made by means of a screw thread 
in the cover of the box to accurately adjust the distance 
between the plate M and the aluminium foil. The latter is 



Fig. 81. 
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permanently tept at the potential of the earth (zero), 
whilst the plate E has under ordinary circumstances q 
potential not exceeding the secondaiy voltage. Thi 
electrostatic . attraction corresponding to this potential 
difference is insufficient to raise the foil; if, however, a 
fault occurs between primaiy and secondary the potential 
difference immediately rises to such an amount that the' 
electrostatic attraction suffices to raise the foil and brings 
it into contact with the plate E, thereby earthing the 
secondary winding. In the safety device first described 
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whilst the hysteresis loss varies as the frequency. It is 
thus possible to separate the two losses. For this purpose 
we need only vary J^ proportionally with ^ and determine 
the power lost in each case. Let us assume that we have 
made two measurements, F^ and F^ for the power lost, 
which correspond to the two frequencies ^i and ^2 re- 
spectively. We have then 

h and / being as yet unknown co-efficients relating to 
hysteresis and eddy current losses. These co-efficients can 
now be found from the two equations, and we obtain thus 
a means to separate the two losses. The hysteresis loss 
for the frequency ^ is then given by 

and the eddy current loss is given by 

In testing iron as here described, it is of course necessary 
to employ the sample sheets in a form which permits the 
building up of a transformer core. It is however not 
always convenient to stamp or cut-out the sheets in this 
particular form, and if a method can be found by which 
the samples may have the shape of straight strips the 
preparation of the batch would be easier, and no iron 
need be wasted. 

Such a method of testing has been devised by several 
engineers. Herr von Dolivo Dobrowolsky uses the ap- 
paratus shown in Fig. 80.^ It consists of two I 1 shaped 

cores of sheet-iron, which can be laid together either 
directly or placed on either side of the sample -4 -4 to be 

1 This illustration is taken from the Elekteiiechnische ZeitschHft, 
1892, ¥0. 30, page 406. 
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secondary mains arc connected to the primaries of two 
veiy small trausformers coupled in series, whilst their 
Becondaries are coupled in parallel. The secondaries are 
connected to a fuse carrying a conical weight over a corre- 
sponding set of termmals. The connection between the 
two primaries is joined to earth, as is also one of the 
terminals, the other two being joined to the secondary 
mains. As long as the insulation between the primaiy 
and secondary circuits of the main transformer is perfect, 
there is absolute balance between the E.M, Forces of the 
secondary windings of the two small auxiliaiy trans- 
formers, and no cuiTent passes through the fuse. If, how- 
ever, a fault occurs, the balance is disturbed, a current 
passes tlirough the fiisc and melts it, and the weight fall- 

Iiug between the terminals short-circuits the secondary 
mains, and puts them to earth. The primary fuses s s are 
thereby caused to blow, thus cutting the faulty transformer 
completely out of circuiL It is important to note that 
this safety device is a protection, not only against a real 
short between primaiy and secondary, but even against an 
incipient fnult of insulation between the two circuits, 

Sab-stAtians and house-transformerB. — ^The most import- 
ant uso of trausfonncrs is in connection with lighting or 
jwwvr plants, where the pressure has to be raised or 
U>wor»ji.l. The nature of the glow-lamp and the con- 
dilittu of personal safety make it necessary to use a 
muj(>r»t« pressuK in the distributing leads (say not ex- 
w«itiu£ 100 or 200 volte), whilst a high pressure in the 
lKU9iui»Miu )«9iils is an economic advantage, and, indeed, 

tiw aW>1iiI« n<«i.>ssity, if the tntnsraisdon has to be effected i 
owr K <,MuskUi»blo distance. The tnuisfonner is then tha I 
iuk^ltnM)ili^^ Mpparatu::: by which the two conditions, cheap | 
tHMw tuttt umxWMo supply li'oltagi'. can be simultaneously i 
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the switch changed over and the measurements repeated. 
The sectional area of the sample should be about douhlc 
that of the magnets. The di£ferencc between the two 
sets of measuremente is then the power wasted in the 
sample at the various values of the induction. A draw- 
back of this method is the difference in magnetic leakage 
with and without the sample. If the magnets are laid 
together directly, and magnetized circularly, there is hardly 
any leakage, and B can be calculated from E with great 
accuracy. If the sample is inserted, the magnetic resistance 
is increased, and leakage produced which diminishes the 



n 
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value of 5 in the sample. At the same time there is a 
difference in the value of the induction along the mi^et 
cores, the induction being a maximum in the centre of 
each core. E can therefore no longer be regarded as an 
exact measure for B, and an error is thus introduced. 

To avoid this dif&culty, the author has constructed the 
apparatus shown in Fig. 81. The sample consists in this 
apparatus also of a batch of rectangular plates, and forms 
one of the two longer sides of a rectangular frame, the 

three other sides being formed by | | shaped plates of 

known magnetic quality. Both larger sides ax% sur- 
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Also in this method accuracy depends upon the prop» 
choice of the reaistance. It should he so adjusted that i, 

not sensibly different from i, ; the total current i will 
then be from Ij to 2 timea the primary current ii taken 
by the trana former. 

In considering both methods, we have tacitly assumed 
that current and pressure follow a sine law ; the question 
now arises, whether these methods will give accurate 
results if this condition is not fulfilled, that is to say, if 
the curves representing E.M.F. and current are of ineguha' 
shape. That the wattmeter gives correct indications 
also in such cases has already been shown, and since 
simultaneous measurements by means of a wattmeter and 
one or the other methods here described are always in 
accord, we naturally conclude that these methods must 
also be generally applicable. Apart from such experi- 
mental proof, this can also be shown by theory. For 
this purpose we shall consider the three-voltmeter method, 
the application to the analogous case of the three-ampere- 
meter method will then be self-evident. Let in the 
following the letters e and i denote the instantaneous values 
of E.M.F, and current respectively, then the expression 

is valid at any time for t. We also have at all times 
and the power at any moment is 
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The work done in the time 7" of a complete cycle isy"^ pdt, 
and the effective power is 

It has been prcTiousIy shown that the expression -77 /^ <Mt 

ia simply the square of the effective pressure indicated 
by the voltmeter; if now we denote these effective 
pressures by e, e^ e^ respectively, we have 

Since in arriving at this result (which is exactly the same 
as that reached by the graphic method), we have made no 
assumption whatever as regards the shape of the E,M,F. 
curve, it follows that the three-voltmeter method is applic- 
able to currents of any form. 

Testing transformers. — By means of the various methods 
above explained the output and efficiency of transformers 
can be determined. It is of course nccessaiy to have a 
source of current capable of supplying all the power wanted, 
and some apparatus capable to absorb the full output of 
the transformer. To obtain by this direct method any- 
thing like a reliable figure for the efficiency, input and 
output must be measured with extreme accuracy, the 
reason being that the two are not very different, and a 
small error in the determination of one or the other 
causes a great error in their calculated ratio. Let for 
instance the real input be 100 and the real output 97 
Kwt., and let there be an error of 1 per cent, in each 
measurement, the error being negative in the measurement 
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of the input and positive in the measurement of the out- 1 
put. The measurements would then be 99 and 98 Kwt. 
ipectively, and the calculated efficiency would be 09 per 
cent, instead of 97 per cent., which it really is. To reduce 
as much as possible the magnitude of the error in the 
determination of the efficiency, it is advisable to make this 
determination by an indirect method in the following way. 
The test is made simultaneously on two equal transformers, 
which are so connected that the output of No. 1 forms the 
input of No. 2, and the output of this, supplemented by 
an external source of power again, the input of No. 1. 






— mm 



We obtain thus a circulation of power through the two 
transformers, and need only supply as much power as is 
wasted in both. This is a small amount, and need only 
be measured with a moderate degree of accuracy. The 
power circulating is also measured, and it will be obvious 
that small or moderate errors in both measurements cannot 
seriously affect the accuracy of the result. The arrange- 
ment of apparatus is shown in Fig. 79. D and li are the 
two equal transformers, and C is a small auxiliary trans- 
former which supplies the waste power and thus keeps the 
total power iu circulation. Into the primary of C we 
insert an inductionlcss rheostat B, for the purpose of 
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adjusting the pressure supplied to <7, so as to obtain in the 
amperemeter a the normal full load secondary current 
of the big transformers. The connection between the 
latter must of course be so arranged that their E.M. Forces 
oppose each other. If the large transformers were only 
connected to (7, the full current could be obtained in them, 
but not the pressure. To insure that also the right 
pressure is maintained in B and D, we connect their 
primaries with the generator G, as shown in the diagram. 
If now we open the rheostat completely, and short-circuit 
the secondary of (7, then the generator has to supply only 
the no load losses of B and D, which will be indicated on 
the wattmeter W, provided the two-way switch S is put 
to contact a, as shown in the diagram. Since both trans- 
formers are equal, no current will be indicated in a. Now 
let us insert C and adjust the rheostat until a indicates 
the full load current. Then the large transformers are 
both working under full load and the wattmeter measures 
all losses. These are : The ohmic loss in R and the losses 
in G, B and D, Since we know the efficiency of the small 
transformer, and can measure its primary current on the 
amperemeter a^, we can calculate the power which the 
small transformer supplies to the two large transformers. 
If the switch is placed on its contact a, the wattmeter 
indicates the total power given off by the generator. Let 
this be Pi. If the switch is placed on h it indicates only 
that part of the power which flows to the rheostat and 
auxiliary transformer. Let this be Pc. The primary 
current of G is measured in a^. Let this be i. If w is 
the resistance of the rheostat, corresponding to the position 
of its contact, then the power supplied to G is P^ — i^w. 
Let y\* be the efficiency of G, then ly' (Pc — i^w) is the power 
given off by C, The generator delivers to the primaries 
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obtained more than 8s. per lamp as tlie critical difference 
1 the capital outlay for cables, The same would have 
been the case if we had estimated the works' cost of the 
unit at more than 1.2d, It will also be obvious that the 
cost of cables in both systems, and therefore the difference 
1 the cost of cables per lamp installed, must be greater for 
smaller stations, especially if the lamps are distributed over 
a wide area. Bearing in mind these various points, we 
come to the following general principles. 

The system of house-transformers is commercially 
advantageous under the following conditions — 

Power cheap. 

Lamps scattered over wide area. 

Cables dear in first cost and upkeep. 
The system of sub-stations is commercially advantageous 
under the following conditions — 

Power dear. 

Station large. 

Lamps densely installed. 

Cables cheap in first cost and upkeep. 
Booiters. — If some of the feeders between the central 
station and the sub-stations are very long, it is sometimes 
advantageous to allow a greater voltage drop in them 
than in the shorter feeders, and to raise the pressure at 
the home end of these long feeders by an amount corre- 
sponding to the extra drop. For this purpose special 
auxiliary transfonnera, so-called " boosters," may be used. 
This system of boosting-up the pressure at the home end 
of bug feeders has been invented simultaneously and 
independently by Mr. Stillwell in America, and by the 
author in England. It is shown diagrammatically in 
-!.87. 
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The heating of transformers can be investigated in the 
following way. The transformers are first heated in a 
stove or drying-room to that temperature which they will 
probably assume in continuous work. Where a hot room 
is not available, the heating may also be done by passing 
through the fine wire winding a continuous current from 
a secondary battery. When the transformers have been 
brought up to near their probable working temperature, 
they are loaded, the connection of Fig. 79 being preferably 
employed, and the temperature is taken at stated time- 
intervals by means of spirit thermometers. The readings 
are plotted in a curve of which the abscissae represent 
time and the ordinates temperature, and the test is 
continued until the curve becomes horizontal. If an 
uninterrupted supply of alternating current is available, 
the preliminary heating can be dispensed with. The 
transformers are then connected up from the first, as shown 
in Fig. 79, and kept at work until they have attained their 
maximum temperature. 

The drop may be tested directly under normal working 
conditions, or by the indirect method given in Chapter VI. 
The latter is more simple and accurate. 

The insulation test should be taken immediately after 
the heating test. It is also advisable to flash the trans- 
former, so that any weak spot in the insulation may bo 
found out and remedied before the apparatus is set 
to work. For this purpose, temporary connections should 
be made between (a) a primary and secondary terminal ; 
(h) a primary terminal and earth ; (c) a secondary terminal 
and earth. Care must of course be taken that during 
these tests both poles of the generator are well insulated 
from earth. 

Testing sheet-iron. — The methods in use for the deter- 
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^H -would short-circuit, and possibly bum out the section of 
^H the secondary winding connected to the two corresponding 
^H contacts, it ia necessary to employ a lever consisting of two 
^H parts, each smaller than the width of the gap between two 
^H contacts, and having an insulating partition between them. 
^K The two parts must of course be joined by a suitable n 

ance, or preferably by a choking coil. With such a con- 
struction there can occur neither a short-circuit in the ' 
booster nor an interruption of the feeder current. 

The necessity to send the whole feeder cuirent through 
the switch, and the drawback of a complete interruption 

Fig. s 



A^ 
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of the feeder current if this switch gets out of order, haa ] 
led the author to design the modified arrangement of I 
booster in which the switch is connected, not with the j 
secondary but with the primary circuit of the auxiliary I 
transformer. This arrangement is shown in Fig, 88. The J 
feeder circuit i3 permanently connected with the bus bars j 
through the secondary winding of the auxiliary trans- 
former, whilst the multiple contact switch is inserted into I 
its primary connection with the bus bara. The priioary 1 
winding is subdivided into groups n, h, c, etc. According to J 
thepositionoftheswitch-Iever, more or less of these groups 1 
are active, thus causing the magnetic flux and the E.M.F. 
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in the secondary to be smaller or greater respectively. 
The first group a must of course contain a sufficient 
number of convolutions to prevent the auxiliary transformer 
from being magnetically overloaded. This kind of booster 
must therefore be larger than that shown in Fig. 87, but 
as in any case the cost of a booster is very small as com- 
pared with the saving in the cost of the feeder thereby 
rendered possible, the extra outlay is insignificant, whilst 
the possibility of keeping up the supply, even if the switch 
should become deranged, is a distinct advantage. 



Fig. 89. 




In a third type of boosting apparatus there is no switch 
of any kind, either in the secondary or primary circuit. 
This type is shown in Fig. 89. The construction resem- 
bles that of a two-pole dynamo with shuttle-wound 
armature. The field is built up of sheet-iron plates, 
and is provided with the primary winding P P, whilst 
the armature carries the secondary winding S placed over 
a core of sheet-iron discs in the usual manner. Both 
windings are permanently connected, the primary with 
the bus bars, and the secondary with bus bars and feeder 
as in Fig. 88. By means of worm gearing, the coil S may 
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bu placed at various angles with reference to tlio polnv 
surfaces. If tlie coil iS is turned into a vertical position, 
the flux of force passing through it is a maximum, and the 
E.M.F. generated in this coil is a maximum. If the coil 
be placed horizontally it ia ineffective, whilst in inter- 
mediate positions any desired boosting effect may bo 
obtained. By turning the coil beyond its horizontal 
position the action may also be reversed, that is to say, 
we can reduce the E.M.F. at the home end of the feeder. 
The advantages of this type of booster are that no switches 
of any kind are used and that the adjustment of the boosting 
effect is made, not by definite steps, but as gradually as we 
please, by means of the worm gear. 

Connection in series. — Transformers may bo advantage- 
ously used if it be required to work a number of lamps 
in series oiF a circuit in which an alternating current of 
constant strength is maintained. If we were to insert the 
lamps themselves into such a circuit, the insulation of the 
lamps to earth would have to be so perfect as to withstand 
the full potential difference of the alternating current, a 
condition not always easily fulfilled. If, however, we feed 
the lamps from the secondaries of series-transformers, it is 
only necessary to provide perfect insulation for the trans- 
formers, which presents no difficulty ; the insulation of the 
lamps need only be good enough for the voltage required 
by each lamp. The arrangement is shown in Fig. 90. T T 
arc series-transformers supplied from a constant current 
alternator, and £ L are the lamps. The primaiy return 
circuit is not shown. Since the cuiTent in the primary is 
constant, the cuiTcut in the secondary is also approximately 
constant as long aa the lamp is in circuit. There is, how- 
ever, the drawback that if a carbon should fall out of a 
lamp, or some other accident liappen whereby the second- 
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ary current is interrupted, the induction in the core and 
the E.M.F. in the secondary of that particular transformer 
(if this is of the ordinary construction for parallel work) 
would rise very considerably. Since the primary current 
must, on account of the other lamps, be kept constant, the 
pressure at the generator has, in such a case, to be in- 
creased. The transformer with open secondary becomes 
magnetically overloaded and must eventually burn out. To 
avoid this danger we must make provision to give the 
secondary current an alternative path in case the lamp 
circuit should become interrupted. This may be done in 
two ways. We may employ a kind of automatic " cut-in " 
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^^ in a, or a choking coil as in h. The cut-in consists of 
tiwo electrodes separated by a thin sheet of mica or paraf- 
:fined paper, which, under normal conditions, is suflScient 
tio withstand the secondary voltage. If now the secondary 
"voltage rises considerably, in consequence of the lamp cir- 
cuit being opened, the insulation between the electrodes 
l)reaks down, and the cut-in short-circuits the secondary 
coil of the transformer. The choking coil, which may be 
used instead of a cut-in, is a kind of small transformer with 
only one winding on its core. The current passing through 
this winding is proportional to the lamp voltage and lags 
by nearly 90° behind it. The power lost in the choking 
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coil is the sum of b^-stercsis aud ohinic loss; it is of course 
not equal to the prodact of current and voltage, but much 
stiudlor. By a proper design of choking coil it is thus 
po^ble to minimize the loss of power, although curreut 
is aj^Kvently lost. This may best be seen by an example. 
Let us assume that the lamp re<{uires 20 amperes at 3o 
Tolts, and that its power factor is 80 per cent. The power 
actually supplied to the lamp is therefore 560 watt. Let 
the choking coil be so constructed that it also takes 20 
ampere if the pressure is 3-5 volts, ami that the loss of 
pow«r in it is 20 watt. Its power factor is therefore 
20 : (35 X 20) = 0-0285. If we now draw a vector 
diagram to represent these working conditions, we find 
that the total secondary current supplied hy the trans- 
former is S6 ampere. If now the lamp current is inter- 
rupted the choking coil lanst pass the whole 36 ampere, 
and the voltage must rise to — 

35 X ^ = 63 volts. 

This is an excess of SO per cent, over the normal voltage, 
and is accompanied by a similar rise in the magnetisation 
of the iron core. It is of course always possible to so 
design the choking coil that it can stand this increase of 
magnetic load without danger for any length of time. 

Sometimes it is convenient to use a transformer for 
feeding a circuit of lamps in series, which requires a nearly 
constant current, although the number of lamps insertetl 
may he varied. This condition is of course fulfilled if the 
primary current is constant, but if the primary voltage is 
constant a transformer for parallel work (that is, a trans- 
former of the usual construction having as little magnetic 
leakage as possible) would be quite unsuitable. Such a 
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transformer keeps the secondary voltage approximately 
constant, but not the secondary current. When we have 
lamps in series it is the current which must be kept con- 
stant, whilst the voltage must vary as nearly as possible in 
accordance with the number of lamps alight at any time. 
This condition can be met at least approximately by 
shaping the transformer in such way as to produce a 
large magnetic leakage. A construction of this kind 
is shown in Fig. 91. It is a core transformer with 
primary and secondary coils on separate limbs and with 
expansions a, b of the two yokes aiTanged specially to 
produce magnetic leakage. The primary coil is joined 
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to the primary constant pressure lead s; and the secondary 
coil to the lamp circuit Z. 

It will be obvious that with an open secondary or lamp 
circuit the leakage field between a and h will be very 
small, since the core of the secondary coil oflfers a ready 
path for the magnetic flux. If, however, the lamp circuit 
be closed, a current flows in the secondary coil^ pushing 
back part of the flux produced by the primary coil, and 
the leakage field, not only between a and 6 but all over 
the transformer, will be much increased. The larger the 
secondary current the more lines are pushed back, and the 
lower will be the secondary E.M.F. If a lamp is short- 
circuited the current will at first increase. This increase 
produces more magnetic leakage, and lessens thus the flux 
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whicli produces E,M.F. in the secondary. Tlio inere 
in current strength will therefore be considerablj" smaller 
than would obtain with an ordinary fcransfonner, and in thisi 
way it is possible to keep the current at least approxi- 
mately constant when lamps are put out of action hy being 
short-circuited. 

Tlie limits within wliich this kind of regulation ia 
pra^^tieally applicable can be seen from the vector diagrar 
Fig. 02. Let OA be the current and 0^^ the secondary 
voltage at fuU load (all lamps alight). In the diagram the 
load is supposed to be without reactance. If S^Ei is the 




vector due to self-induction and resistance' (the latter being 
assumed neghgibly amaD) then OS!^ is the vector of th< 
primary voltage. The length of the line E^Ej is of courai 
proportional to the current. If now we short-circuit hal: 
the number of lamps, then only half the secondary voltagi 
ia required, and A'^ in the diagram moves to AV. ^^'^ ■' 
moves to S,'. The secondary current is now represents 
by the length of the line .B/^,', that is to say, it is sligbtlj 
larger than before. If we shorfc-circuit all the lamps airt 
the mains themselves, no E.M.F. is rcc[uired, and E^ movei 
to 0, whilst E^ moves to E". The current is now given 
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by the line 0E(\ The ratio between the length of the 
line E^i and OEi' shows the proportion of increase in 
current strength if the load is reduced from the full 
number of lamps to zero, and it is obvious that we can 
make this ratio as near unity as we please, if we only 
provide sufficient magnetic leakage, making the angle </> in 
the diagram sufficiently large. The transformer must, 
however, be made correspondingly larger, and will be more 
costly, whilst its efficiency will necessarily be somewhat 
smaller than that of a transformer designed for a minimum 
of magnetic leakage. It is also important to note that 
with arc-lamps, which liave considerable self-induction, 
this kind of regulation for constant current is only possible 

Fig. 93. Fig. 94. 
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within narrow limits, since the line OE.^ is inclined to the 
left, and the diflferencc in the length of E^E^ and 0E{' is 
much greater than in Fig. 92. 

Choking coils. — If lamps are worked in parallel from a 
constant pressure circuit, the pressure at the lamp termi- 
nals may conveniently be reduced by choking coils. This 
is preferable to the use of resistances, since very much less 
power is thereby wasted. Let, in Fig. 1)3, F be a pair 
of constant pressure mains and L a lamp which requires 
a reduced pressure. This may be obtained by inserting a 
choking coil D as shown. Fig. 94 is the corresponding 
clock diagram. 01 is the lamp current, OE^^ the watt 
component of the pressure, and OE^ the total pressure at 
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the lamp temiinala ; the phase iliJibrence being given by! 
the angle ^. For a glow-lamp «^ would be zei-o and E^ 
would coincide with JH^ With an arc-lamp there is i 

^ between cuiTent and E.M.F., making OH, > OH,^ The 
watt component of the E.M.F. in the choking coil ia given 
by the vector fJ^E.^, and the wattless component by E^E, 
The vector EjE is therefore the pressure which exists 
between the terminals of the choking coil and OE is the 
vector of the supply E.M.F. 

Compensating coils. — The arrangement sketched in 
Fig. 93 may be used if au arc-lamp has to be connected 
to mains having a greater prossm-e than the lamp requires. 

Fij-. 0.-,. 




Alternating-current arc-lamps require from 30 to 35 volO 
ab their terminals. It ia thus possible to work thre^ 
lamps in aeries from 110-volt mains. If only one lamp 
is required the excess of pressure must be taken up by 
^ choking coiL Let us now assume that we have a pair 
of 65-volt mains, then two lamps may be worked in series. 
It is, however, not necessary to use both lamps togethei 
for by inserting compensating coils, as shown in Fig. 96^ 
we can render the lamps independent of each other, 
i)[ I>.i are the two equal windings of a transformer placeti 
over the same core. In the diagram these windings art 
shown side by side for greater clearness. The coils i 
connected in o, and the direction of the winding is such. 
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that a current flowing in D^ from left to right produces 
an E.M.F. in D2 from right to left, and vice versd. Imagine 
now one of the lamps, say Zj, cut-out of circuit, then the 
current will flow through D^ to 0, and finds there two 
paths ; the one through i?2 ^^d n, and the other through 
m Z2 n to the other main. It is obvious that the first 
path is impassable to the current, since in D2 acts an E.M.F. 
which is always opposed to the direction of the current. 
This E.M.F. produces in fact itself a current, which added 
to the current coming from D^ passes also through the 
lamp. The two coils with their core act as a transformer 
with the transforming ratio 1 : 1, B^ being the primary 
and D2 the secondary winding. Let us assume, for the 
sake of simplicity, that tlie efficiency of this transformer 
is 100 per cent. If the lamps require each 12 ampere 
then 6 ampere will pass through Bi and 6 ampere will 
pass in opposite direction through D2, the two currents 
joining at and passing jointly through the lamp, which 
thus receives a current of 12 ampere. At n the current 
splits again, 6 ampere going to the other main V and 
6 ampere going to i?2- Since the efficiency must be less 
than 100 per cent., 1)2 will contribute a little less and the 
mains must contribute a little more than half the current 
required by the lamp. The transformer has three 
terminals, p, 0, n, of which is common to both coils and 
is connected to the point m between the two lamps. 

This principle of compensating coils may also be ex- 
tended to more than two lamps. In Fig. 96 are shown 
3 lamps and 3 coils. Let the lamp cuirent be again 
12 ampere and let the two lamps X2, Z3 be switched out. 
Then D2 and D^ will carry a current of a little over 4 
ampere, which will produce in B^ a current of a little under 
8 ampere, so that L^ is fed by the sum of these currents 
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and receives 12 ampere. These compensating tranaformetsl 
are often used ia house installations, because they combine 
the advantage of the aeries an-angement of arc-lamps with I 
the further advantage that the lamps are independent of I 
each other. The output of these transformers is more- J 
over less than that of a corresponding number of singla J 

Fig. 90. 
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transformers, as will be seen from the following. Let e 
be the supply voltage, and P the power required by eaeh 
lamp when the current is i. Then we require, for the 
arrangement shown in Fig. 95, an apparatus having an 
output of 

We assume hereby, for the sake of simplicity, cos </> = 
If we feed the two lamps by separate transformers, eaci 
would have to be designed for an output of 

A X i = I Watt. 

The combined transformer for two lamps in series contaii 
no more material and costs no more than a singli 
former for one lamp. 

If we use three lamps in series, the combined trana 
former must be designed for the pressure e and the cnrrett 
A. The amount of material required for its constructio 
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2 

is, therefore, proportional to an output of - P Watt, 

whereas the joint output of three single transformers 
would be 3x-X6 = P Watt. We see thus that also 

o 

in this case there is some advantage in using a combined 
transformer. 

Three-wire system. — If we connect the middle o of the 
secondary winding (Fig. 97) with a third main, we obtain 
a distributing system analogous to the so-called three- 
wire system used in connection with continuous-current 
stations. The primary coil pq receives high-pressure 
current from the feeder s, whilst the secondary coil m ?i is 
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connected to the outer wires of the system in the usual 
way. The lamps a, h are connected between these outer 
wires and the zero wire o. The pressure between m and 
n is double the lamp voltage, and we are thus able, exactly 
as in the ordinary three-wire system, to effect considerable 
economies in the cost of the distributing mains. 

Balancing transformer. — It may happen that the sub- 
station must be placed at some distance from the district 
to be lighted. In this case the middle wire need not be 
brought back to the sub-station transformer T, Fig. 98, if 
a balancing transformer Ti is established in some point of 
the district to be lighted. The output of the balancing 
trausformer need not be larger than half the maximum differ- 



ft benreen the loads on the two sides a, & of tbe wysiem. 
Let i, be the ifi>inmn.m cmrent m a and tj, the curreut 
which siinattaiieotKly obtains in h, then one coil of tbe 

balmcing bansfixm^ most take up the current " "" ■ 

and its otbcr ootl most give off an equal current. (Compare 
also F^. 95.) If tbe lamp voltage is e, then tbe output of 
tbe haiaiwing Oau^ormer is given by tbe expression 
I - 'T — * \e the outpat of Ute sub-station transformer at tbe 

same time being /-^-^|—^ J 2f = (i,+ i\)e. Since it is, 




however, possible that both sides of the system may 
occasionally carry tbe maximum current, the sub-atatiou 
transformer must be designed for an output of 2 i„ e. If 
by p we denote the ratio of load difference between th» 
two sides to tbe maximum loatl on one side, we have 

'". = Ci-rt''.. 

Tlie output of the balancing transformer must therefore l 



Since i„e is half the output of the sub-station 
former, we have the ratio between its size and that of 
the balancing transformer given by the fraction 4 : ». 
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Thus for a load difference of 100, 50, 20, 10 per cent., 
the balancing transformer would be respectively —, — , 

4 o 
1 1 

— , — the size of the sub-station transformer. These 
20 40 

figures show that a comparatively very small balancing 
transformer may render it superfluous to carry the middle 
wire of the system back to the sub-station. 

Scott's system. — An interesting application of trans- 
formers is the conversion of a two-phase into a three- 
phase system, and vice versd, invented by Mr. C. F. Scott.^ 
The arrangement is diagrammatically represented in Fig. 
99, where (? is a two-phase generator supplying current 

Fig. 99. 




to the primaries of two separate transformers T^ and Tg. 
The secondaries of these transformers are joined together 
and with the terminals AB G,ajs shown in the figure. Since 
the primary currents in T^ and Tg have a phase difference 
of 90°, there is also the same phase difference in the E.M. 
Forces generated in the two secondary coils. The E.M.F. 
between terminals A and B is therefore the resultant of 
two components, one being the full E.M.F. generated in 
the secondary of Tj, and the other half the E.M.F. generated 

J The Electrician^ April 6, 1894, 
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in the secondary of T^, the latter component being n 
over displaced by 90° as regards the former component. 
Let, in Fig. 100, OA be the E.M.F. of T^ and OB half | 
the E.M.F. of T^ then BAis the resultant E.M.F. which . 
we measure between the terminals A and B. In the same I 
manner we find CA as the resultant E.M.F. produced by I 
T, and the left half of T^. whilst OS is the E.M:.F. pro- 
duced by both halves of T^. It will be obvious that, by i 




a proper choice of the number of turns in the secondaries, 
we may so arrange matters that OB = - AB. Then A B 

= BO==GA.md OA = AB\/^,or OA = 0-867 AB 

i 
= 0,0867 B G. The winding must therefore be such that . 
the secondary voltage of 2", is 0867 of the secondary 
voltage of Tj. In the clock diagram the vectors of 
terminal pressure pass then through zero at intervals of 
60°, or in the same sense at intervals of 120°, which 
characterizes a three-phase current. We obtain thus 
from the terminals A,B,0 a three-phase current. 

The advantage claimed by Mr. Scott for this system 
is that the generation and utilization of the current may 
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be effected by two-phase machinery, whilst the trans- 
mission may be made in three phases. The former 
condition he considers to be an advantage as regards the 
independent working of motors and lamps, and especially 
their regulation, whilst the latter condition is, of course, 
conducive to economy in copper on long lines of trans- 
mission. 

A complete plant arranged according to Scott's system 
is shown in Fig. 101. 6^ is a two-phase generator pro- 
Fig. 101. 
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ducing 100 volt, which are transformed up to 2000 and 
1730 volt in the two transformers shown. To the three 
free terminals are joined the line wires, and between each 
pair there is a pressure of 2000 volts. At the points of 
consumption the three-phase current is either transformed 
down and converted into a two-phase current for working 
motors (A) or supplying light (B), or it may be used as 
a three-phase current for working motors (D), Although 
the circuits are inter-connected, the regulation for constant 
pressure in the lamp circuits causes, according to the 
inventor, no more diflSculty than if the lamps were 
conuected directly with the generator. 



CHAPTER IX 



Ix order to give the reader a general survey over the I 
best practice now obtaining in the design of transformers, 

a few examples of the apparatus biiUt by leading firms are 
here given. 

Meaara. Biemena and Halske of Berlin make core trana- 
foruiera for simple and multiphase cuiTents. Fig. 102 
shows a three-phase transformer with and without sur- 
rounding case. The cores are arranged as shown in Fig. 
16, and are pressed against the yoke-discs by cast-iron j 
heads with inclined shoes. To these hea<la are also I 
secured the boards on which the terminals and fuses J 
are attached. The leads are brought in through holes in 1 
the base -plate. 

Fig. 103 shows a three-phase traosformer with perfor 
ated iron case to give access to aii' for cooling. This type | 
can of course only be used in dry places. If the trans- I 
former is to be erected in the open, a tight ca.se, as shown j 
in Fig. 102, must be used. For single-phase current the I 
transformers are built similarly, but contain only two I 
limbs. Figs. 104 and 105, in connection with the follow- | 
ing tables, give the principal dimensions for the various J 
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TABLE SHOWING DIMENSIONS OF THREE-PHASE TRANS- 

FORMERS IN MILLIMETRES. 



Output. 
Kwt. 


a 


b 


c 


d 


e 


f 


2-5 


235 


595 


595 


530 


630 


760 


5 


300 


720 


720 


655 


690 


855 


7-5 


300 


720 


720 


655 


690 


855 


10 


305 


730 


740 


675 


850 


1020 


15 


350 


820 


830 


765 


870 


1065 


20 


350 


820 


830 


765 


1070 


1265 


30 


405 


980 


1020 


885 


1250 


1515 


50 


425 


1020 


1060 


925 


1500 


1730 


75 


490 


1160 


1200 


1065 


1540 


1855 


100 


490 


1160 


1200 


1065 


1540 


1855 


150 


550 


1300 


1320 


1185 


1840 


2155 


200 


610 


1400 


1440 


1305 


2150 


2455 



« 



850 
940 
940 
1110 
1150 
1350 
1660 
1900 
2025 
2025 
2285 
2625 



TABLE SHOWING DIMENSIONS OF SINGLE-PHASE TRANS- 
FORMERS IN MILLIMETRES. 



Output. 
Kwt. 


a 


b 


e 


d 


c 


f 


s 


1 


210 


510 


530 


475 


470 


590 


675 


2-5 


240 


590 


590 


530 


610 


745 


830 


5 


295 


720 


710 


665 


660 


825 


910 


7-5 


300 


730 


740 


675 


820 


990 


1075 


10 


350 


820 


830 


765 


870 


1065 


1160 


15 


350 


820 


830 


765 


1070 


1265 


1360 


20 


405 


980 


1020 


885 


1245 


1500 


1635 


30 


425 


1020 


1060 


925 


1500 


1750 


1880 


50 


480 


1160 


1200 


1065 


1540 


1830 


1960 


75 


480 


1160 


1200 


1065 


1540 


1830 


1960 


xoo 


540 


1300 


1320 


1185 


2070 


2145 


2280 


X50 


610 


1400 


1440 


1305 


2140 


2455 


2285 
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HesBrs. the ElektrizitatB-Aktien-Oesellscliaft Tormali 
Schuckert & Co., of Niimberg, build singlG-pliasc trans- 
ibnneis of tlic slielt tj'pe iiini threc-pliase transform ers of 
the core type. A3 examples of the former we aelect a 2 
Kwt. (Fig. 106) and a 40 Kwt. (Fig. 107), and of the 
latter a 10 Kwt. (Fig. 108), In the shell tranatbrmera the 
coila are bedded in iron, and at the ends they are pro- 
tected by cast-iron covers. The latter are held togethei; 

Fig. lo--.. 




by strong screw-bolts, whilst the shell is secured by ai 
irons and bolts. In the three-phase transformers tha 
coils are subdivided into a number of sections to minimize 
leakage. The apparatus is protected by a cylindrical 
outer casing, not shown in the figure. The connecting 
cables are brought through stuffing-boxes in the upper 
cover, 

Heairs. the Mascbinenbau-Aktien-Gesellsohoft vormali 
L. Schwartzkopff, of Berlin, ailopl for single-phase trans- 
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foTmers the shell type with a long core (compare also 
Fig. 12''), and increase the crosa-section of the yoke, 
as compared to that of the core, so as to reduce liysteresis 



Fig. 107. 




losses. The iron parts are, as will be seen from Fig. 109, 
held together by strong ca.st-iron frames and screw-bolts. 
The coils are protected by perforated sheets. (Fig. 110.) 
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UeESTs. Siemens Brothers and Co., Limited, of London, 

Lave also adoptoil tlii" shell type, Fig. 12'', but avoid butt- 
joints by letting tbe full plate of one layer cover the 
joints in tbe next layer. The ii'ou parts are held together 
by cast-iron frames and screw-bolts, (Fig. HI.) The coils 
are wound upon a cylinder of wpecial insulating material 




^ 



capable of withstanding heat and which is provided with I 
wooden flanges at both ends The lajers of tho high- 
pressure winding ire also separated from each other by thin I 
sheets of speciil iniaulatmg maturi'il The low pressure I 
winding consists in the tianaformcr here illistrated of a J 
number of i res ^ounl lu paiall 1 and tomiected to j 
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terminal bars which are attached to the wooden flanges. 
The terminals of the high-pressure winding are aLso 
attached to the upper flange, but on the other side and 
by means of insulating washers of ebonite. 

Messrs. Brown, Boveri and Co., of Baden (Switzerland), 
have adopted a type of transformer which may be con- 
sidered a compromise between the shell and core types. 
The two coils are placed upon a single core, and there is 
a yoke of | | shape to one side of this core. Fig. 112 

shows the details of this design, and Fig. 113 a complete 
transformer. The yoke-plates are driven tightly into the 
main casting, the coils are slipped over the core, and the 
latter is then laid across the yoke and pressed down into 
it by means of screw-bolts. The connection between the 
coils and external leads is made by means of pins passing 
through insulating bushes in the circular heads of the 
main casting. The coils are protected by a perforated 
covering. For multiphase work the firm uses a correspond- 
ing number of single-phase transformers. 

Messrs. the ElektrizitiElts-Aktien-Oesellschaft vormals W. 
Lahmeyer and Co., of Frankfort, use the core type for 
simple and multiphase work. Their designs are shown in 
Figs. 114 and 115. The former is for a single-phase 
transformer of 30 Kwt., and the latter for a three-phase 
transformer of 40 Kwt., the transforming ratio being in 
both cases 5000 : 110 volt. On account of the high 
voltage at the primary, the latter is subdivided into a 
large number of sections whereby the danger of a break- 
down of the insulation is of course considerably reduced. 
The cores have shamfered comers to reduce the length of 
wire. The coils are wound separately on insulating 
cylinders. The other details can easily be gathered from 
the diagrams. 
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The Brnah Electrical Engineering Company, Limited, of 
London, make a shell type oi' traiistbi'mer designed by Mr. 
William Mordey. The mauner in whicli the irou part of 
the apparatus ig built up liaa already been described in 
Chapter III. At the ends, are strong cast-iron frames, 
which, by means of screw-bolts, serve for pressing the 

Fig. 116. 




plates firmly together. (Fig, 116.) The top frame is 
arranged to take a stout plate of porcelain, on which are 
placed the terminals, fuses, and a high-pressure double- 
pole switch. The whole apparatus is then put into a 
water-tight cast-iron case, as shown in Fig. 117. The 
spindle of the switch-lever is carried through this case, so 
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that the transfomier may be <lisconnected mi the high- 
presaure side without opemog the lid of the caae. The 




connecting cables are brought iu through insulated stuEEnfl 
boxes. According to the makers, these transformera havi 
a drop of 21- per cent, in all sizes, whilst the hysteresia'^ 
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loss for -*■ = 100 varies from 6 per cent, in the smallest 
size for 750 watt, to | per cent in the lai^eat size of 50 
Kwt. The following table gives the weight, including case, 
for various sizes. 




Output Kwt. 1'5 3 12 24 50 

Weight kgr. 132 247 359 55t) 863 2083 
The two wiodiuga are separated by a metallic shield 
brliich is connected to earth, so that the high-preaaure 
mot get into the low-pressure winding, (Compare 
|C3hapter VIIl.) 
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KesBTB. Johnson and FhillipB, of Charlton, build core 

tranfonoers of the type shown in Figs. 41 to 44. Since 
tlicsc illustratiuus sLow all the details, do further de- 
Rcription need be given. Fig. 118 showa parts' of a 2- 
Kwt. transformer, and Fig. 119 shows a iO-Kwt, trans- 
former and its case. 




Heisrs. Oanx and Co., of Budapest, liave adopted the she! 
typo with a short core (Fig. 120). The iron part consisa 
of E-shaped stampings, which arc hold in cast-iron framaj 
of circular contour, ao that the whole transformer wh^ 
finished has the form of a short cylinder, and can be rollej 
along without being damaged. The terminals are mounte 
on porcelain washers, and fuses are fitted for the high; 
pressnre winding. The windings are placed on forms t 
" press-apahn," and are subdivided into sections to rediu 
magnetic leakage. 




The Mafichinenfabrik Oerlikon use tbe shell type for aiugle 
phase, and the core type for three-phase tranaformers. 
Fig. 121 shows a single-phase transformer. The core is 
built up of plates of different width (so as to approximate 
a cylinder in shape), and these are held together by gun- 
metal side-pieces and bolts. At the ends the cylinder 
is cut down to the depth necessary to obtain contact with 
the I I shaped yokes over their whole width. The 

coils are separately wound on paper cylinders, care being 
taken to leave sufficient clearance for pushing one winding 
over the other. The yoke-plates are driven into corre- 
sponding recesses in the cast-iron end-pieces, and are 
pressed against the case by screw-bolts. To protect the 
winding perforated covers are placed on both sides, as 
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shown in Fig. 122, Fig. 123 shows a similar transfoi-mer, 
but without side-covers. 



I 



three-pliase worli this finu use two types, the one 
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symmetrical with circular yokes (Figs. 124 and 125), mid 

the other with straight yokes {Fig. 126). Theoretically, 
the symmetricftl arrangement is preferable, since the 
length of the magnetic path is the same in each phase ; 
from a practical point of view this advantage is, however, 
not very important. The magnetic resistance of the butt- , 




joints is necessarily very much greater than that of the 
iron itself and a small difference m the three branches of 
the latter bee )mei therefoie unimportant On the other , 
hand, the straight joke type is more convenient in the [ 
manufacture. 

The Electric Construction Co., Limited, of Wolverhampton 



^B ILLUSTRATIONS OF TRANSFORMERS. 2 

^Hhas been one of the first firms to take up the manufactu 
^K«f transformers of the shell typo. This tj-pe they ha 
^^Uetained, bub whereas fonnei- ilesigns lesembleil Amcric 
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ittems, their latest design shows some interesting tlepai 
es from the ordinary plans, made with a view to bet 
ilize the material and increase the efficiency. Fig. 1 
lows a 10-Kwt., and Fig. 128 a 40-Kwt. transform 
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^V 22 

^H The coib have the form of long rectangles, and the i 

^H part is long as compared to the thickness of the core. 

^H the latter apparatus (Fig. 128) au attempt has been made J 




to reduce the weight of iron to the possible minimum by J 
using coils of circular cross-section. What we previously I 
have called the windows are, tlierefore, not rectangular bub 
.circiilai', and the stampings are circular discs. All these \ 
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have the same inside diameter, but their outside diameter 
varies, so that in buildiug up, a parcel of araaller discs is 
alternated with a parcel of Jarger discs, by which means 
the externa] cooling surface is considerably increased. 
The capacity of the outer case for taking up heat from 
the shell of the transformer is increased by the use of 




corrugations as shown. The case is made long i 

to provide room for a double-pole high-pressure switch, 

double-pole fuses, and a Gardew safety device. 

The Allgemeine Elektricitatagesellschaft, of Berlin, has 
adapted the core type both for single-phase and three- 
phase transformers, Tlie section of the core is square, 
with the comers cut back, so as to better fill the circular 
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cavity in tlie coil, whilst the gun-metal Bide-plal 
complete the circular contour. The jokea are similarly 1 
provided witli side-plates, which serve to hold the i 




plates together. The secondary coiis are, in the amaller] 
sizes, wound direct on to the heavily insulated cora, f 
whereby the length of the secondary winding is reduced i 
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to its possible minimum. The primary coils are wound 
on cylinders of micanite. By the employment of this 
material the distance between the outer surface of the 
secondary and the inner surface of the primary winding 
can be reduced to about fV'', so that the magnetic leakage 
is exceedingly small. Fig. 129 shows a 10-Kwt. trans- 
former, and two of its coils. A test made with this 
transformer, to determine the drop according to the 
author's method, as explained in Chapter VI., gave the 
following results. The ohmic drop is 2 per cent., whilst 
on short circuit 4 per cent, of the primary voltage is 
required to produce the full secondary current. The 
drop for full load determined from these data is for — 

<p^=^ v ... ... 

<l> = DO ... ... 

« 

Fig. 130 shows a 40-Kwt. three-phase transformer, of 
the type used in the lighting plant at Strassburg. As it 
was in this case very important to reduce the drop as 
much as possible, the windings are not placed within each 
other, but are arranged in small sections side by side. 
The voltage on short circuit is in this design only 3 per 
cent, of the full voltage, so that the drop does not exceed 
3 per cent, even on a motor load. The wire for all the 
sections is wound on formers of micanite. Both types 
of transformers are protected by perforated side-plates, 
not shown in the illustrations. 

The Westinghouse Electric Manufacturing Co., of Pitts- 
burg, are building shell transformei's, with short cores and 
coils of special shape to facilitate cooling. Fig. 131 shows 
the type used for lighting. This is built up to 30 Kwt. 
The coils are wound in sections, and where they protrude 
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fam ihe ma part thej are bent <nt io hft-sb^pe; «o ■ 
g^ve a greiter oooliBg gor&ce. The iron part is I 
logeClMr b^ etrong cast-irL'ti frames and bulta, and 1 
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coila are protoctCLl by a perforated cf^ing of cast-iron. 
This is partly shown in the illustration. Figs. 132 and 
133 show the 100-Kwt. traiisformera used in the Niagara 
installation. The transforming ratio is 2000 to 150 volts, 
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but provision is made by means of a second pair of 
primary terminals to alter tliis ratio slightly in certain 
Tbe primary and secondary winding conaista each 




' four sections, the secondary sections being connected 

a parallel. In the middle of the core are two primary 

Ktions, on cither aide are two secondary sections, ajid 

ffinally a primary section on each outeide. The f 
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parts of llic sections are bent out faa-ahaped to iDcreasd 
tlio cooliug surface. The cooling agent is, however, not 
air, but oil, with which the case of the transfortuer u 




The connecting cables pass through insulated stuffing- 
boxes as shown iu Fig. 133. To cool the oil a wrought- 
iron spiral tube is fitted to the inner surface of the 
and a stream of cold water is sent through this tube. 
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Action, principles of, 1 
Allgemeine ElektricitJitsgesellschaft 

transformers, 231 
Alternate and continuous currents 

compared, 143 
Alternating and pulsatory currents, 3 
Alternating current, power of, 63 
Alternators, coupling up of, 74 
Apparatus, Dobrowolsky's, 169 ; 

Ewing's, 172 ; Kapp's, 171 
Appliances for transformers, safety, 

175 
Arc-lamps in series, 197 
Arrangement of coils, 8 ; of trans- 
formers, 181 
Arrangements for cooling, 58 
Avoidance of self-induction, 145 

Balancing transfomier, 199 

Ballistic tests, 174 

Bars, bus, 187 

Best distiibution of copper, 85 ; of 

losses, 92 
Boosters, 186 
Breaking joints, 45 
Brown, Boveri & Co.'s transformers, 

215 
Brasli Electrical Engineering Co.'s 

transformers, 219 
Burning out, 191 
Bos bars, 187 
But-joints, formula for, 80 ; influence 

of, 80 

Calculation for correct proportions, 

48 ; for voltage, 12 
Calico, paraffined, for insulation, 99 



Capacity, effects of, 126 

Cai dew's safety device, 178 

Choking coils, 191, 195 

Circuit, working on open, 104 

Clearance, 85 

Clock diagram, examples of us<j of, 
103, 104, 105 

Coils, arrangement of, 8 ; choking, 
191, 195 ; compensating, 196 ; in- 
fluence of shape of, 30 ; primary 
and secondary, 9 ; resistance of, 
102 

Combinations of currents and pres- 
sures, 71 

Comparative losses, working and 
idle, 96, 97 

Comparative size tables, 60, 62 

Comparison between alternate and 
continuous cuiTcnts, 143 ; core and 
shell, 32, 33; of costs, 91, 92; 
of magnetic flux to water flow, 4 ; 
of measuring instruments, 142 ; of 
systems, 182 

Compensating coils, 196 

Condenser, effects of, 131 

Connection in series, 190 

Continuous and alternate currents 
compared, 143 

Constantan resistance, 145 

Consti-uction of a transformer, 83, 98 ; 
of the iron part, 41 

Constructive details, 98 

Cooling arrangements, 58 ; spiral 
water-tube for, 236 ; surface, 67 

Copper, best distribution of, 85 ; 
economy of, 83 ; wire covering, 
99 
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Core and shell tmnsfarmera, 32 , 
formula for shape of, 30 ; influence 
of shape of, 30 ; taping, S4 ; thick- 
neai of, 83 
Corea, 06 ; advantage of continuoua, 
41 ; hjstereaU in, 88 ; jointa in, 
41 ; weights of; 88 
Correct proportiaDa, calcnlatioos for, 
48 
Coats, compariBou of, 91, 92 
Conpiing np alternators, 74 
CoTering copper wire, 89 
Crompton's traasrornier, 43 
Current, determination of the no 

load, 76 ; effectXTe poner of, 69 
' ' Correut heat, "19 
Current, heat of, EO ; heat of eddj, 
50 ; inalsnlaiieaiiB power of, 6S ; 

t\igging, 64 ; lending, 64 ; measure- 
ment of, 03, 64, 142 
Currents, comparison between alter- 
nating and Gontinnonn, 143 ; loBsea 
hy eddy, 19 
Currents of irrcgolar form, measure- 
ment of power carried by, 148 ; 
paraltelogmms of, 73 
Cnrrents and prasaurea, combinations 

of. 71 
Carve, formula for E.M.F., 24 ; 
graphic, of heat, 61 ; E.M.F., in- 
fluence on hystsroais loas, 23 
Cut-in, 191 

Designa, 39 

Detarmiuation of "drop," 119; of 
efficiency, 163 ; of lag, 149 ; of th, 
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" Drop," graphic detem 

119; of E.M.F., 117. 

former, 111; testing, 1 6! 

remedy, 112; voltage, 117 
Dyaamomelcr, 141 ; formnhe, 143 I 



Eddy cnrrents, heat of, GO ; losses b 

19 
Effective current, power of, 69 
Effective E.M.F., 13, 14, 17 
Effects of capacity, 12S ; eandeuao) 

131 : iadactioD, 121 
Efficiency, determination of, 16tjfl 

indiroat method of, 166 
Electric Construction Co.'s 

farmers, 226 
Electric stress, 59 
E.M.F. cnrvo, formula for, 24; 

inUuence on byateresia loss, 23 1, 

"drop," 117; effective, 13, U, 17 i 

impressed, BE ; lag of, Q4 ; ' "* 

64 ; opposing, 65 ; " ' 

set Up, 11 
Eqimtion, fundamental, ID 
Swing's apparatus, 172 
Examples of sizes, 60, 61 ; 

clock diagram, 104, 105 



s of, Sfi 



Ferranti'a safety device, 179 ; traiia« 






t, 76 



efficiency, indirect 
method of, 166 
Device, Cardew's safety, 178 ; earth- 
ing, 176; Ferranti'a snfflty, 179; 
Thomson-Houston aafety, 177 
Diagram, clock, 103 ; eitaniplo ofuao 
oi; 104, 105 i (working) of trans- 
former having leakage, 113 
Dimensions, influence of linear, E3 
Dbaipation of heat by riba, 102 
Distnbution (best) of copper, 85; 

oflosaeH, 02 
Dividing sheet, metallic, 176 
DobTOwolsky'a ftpparatua, 169 



Formula for bnt-jointa, SO; KM.I". 
curve, 24 ; no load, 77 ; shape o 
core, 30 ; thickness of plat«K, 22^ 
winding, S8, 87 

Formnlie, dynamometer, 143 

Frequency, 83 

Fondamental equation, 10 

Ganz k Co.'b transformers, 222 
Graphic curve of heat. El ; detel 
mination of drop, 119 

Heat, current, IS ; dissipation of, bj 
ribs, 102 ; graphic curve of, 61 i (L, 
current, 60 ; of eddy cnrrenta, SO 
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of hysteresis, 50 ; readings, power 

measurement by, 156 ; testing, 

167 
Heating of transformers, 49 
Hedgehog transformer, 36 
House-transformers and sub-stations, 

180 ; the system of, 182 
Hysteresis, heat of, 60 ; in cores, 88 ; 

losses by, 19 ; losses by influence 

of E.M.F. curve on, 23 

Illustrations of transformers, 204 

Impressed E.M.F., 65 

Inairect method of determining effici- 
ency, 166 

Induction, avoidance of self-, 145 ; 
effects of, 121 ; testing, 168 

Influence of but- joints, 80 ; of E.M. F. 
curve on hysteresis losses, 23 ; 
of shape of core and coils, 30 ; 
of the linear dimensions, 53 

Installation of transformers at Nia- 
gara, 234 

Instantaneous power of current, 68 ; 
value, 13, 66 

Instruments, comparison of measur- 
ing, 142 

Insulation, mode of, 46 ; (perfect) 
necessary, 175 ; paper, 99 ; par- 
affined calico, 99 ; testing, 167 ; 
varnish, 99 

Iron part, construction of, 41 ; pro- 
portions of, 47 

Iron ring transformer, 2 

Iron sheet, testing, 167 

Johnson & Phillips' transformers, 222 
Joints, breaking, 45 ; (but) formula 

for, 80 ; (but) influence of, 80 ; in 

cores, 41 

Kapp*s apparatus, 171 ; transformer, 
42 

Lag, determination of, 149 ; of 
E.M.F., 64 

Lagging current, 64 

Lahmeyer & Co.'s transformers, 215 

Lamps (arc), in series, 197 ; as re- 
sistances, 145; (glow) in series, 
192 



Law of transformers, 10 

Leading current, 64; of E.M.F., 64 

Leakage, loss by, 3 ; magnelic, 3, 6, 
7, 108, 139 ; workinfir diagram of 
transformer having, 113 

Linear dimensions, influence of, 53 

Link, magnetic, 9 

Liquid resistance, 131 

Load, formula for no, 77 

Load, working under, 107 

Loss by leakage, 3 

Losses, best distribution of, 92 ; by 
eddy currents, 19 ; by hysteresis, 19 

Losses comparative (working and idle), 
96, 97 ; in transformers, 19 ; reduc- 
tion of, 21 ; table of, 94 

Low pressure winding, 55 

Magnetic field, 1 ; flux, 1 ; flux com- 
pared to water flow, 4 ; leakage, 3, 
6, 7, 108, 139 ; link, 9 ; stress, 59 

Mascliinen-fal)rik Oerlikon trans- 
formers, 233 

Measurement of current, 63, 64, 142 ; 
of the power carried by currents 
of irregular form, 149 

Measurement, power, 150 ; by heat 
readings, 156 

Measuring instruments, comparison 
of, 142 ; power, other methods of, 
156 ; wattmeter for, 145 

Metallic dividing sheet, 176 

Method (indirect) of determining 
efficiency, 166 ; three-amperemeter, 
160 ; three- voltmeter, 157 

Mode of insulation, 46 

Mordey transformer, 44 

Multiphase transformers, 204, 215 

Necessity for perfect insulation, 175 
Niagara installation transformers, 234 
No load current, determination of 
the, 75 ; formula for, 77 

Ohmic resistance, 19 
Oil, use of, 49 

Paper insulation, 99 
Paraffined calico insulation, 99 
Parallelograms of currents, 73 
Perfect insulation necessary, 175 
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^^^g Periodic variations, 65 
^m Phases or E.M.F., 66 
^H Plates, rnrmiila for thickness of, 22 ; 
^m naeofthin, 21 

^H Platinoid rGsiatance, 145 
^H Polyphase work, trauBformpr for, IC 
^^M Power carried hj cnrrent of ircegllli 
^^M form, meaaiirement of, 149 

^m Power or current (effective), 69 ; (ii 
^^B Btantaneons), OS 

^^M Power meaaiii'ejnent, lEO ; hj heat 
^H readings, 156 

^B Power of alternating cnrront, 63 
^H Power, other methods of ineaaiiring, 
15S 

Power, wattmeter for roeasuriug, 14! 

Powers, table of tnie, 156 

FreS-wros and eitrreuta, combiuatioiis 
of, 71 

Primary and aeoondary coils, 9 ; 
windTing, S4 

Principles of action, 1 

Proportions, calculations for correct, 



Hate (time) of cha 
Reactance, 138 
Seduction of losae 
~ ulation, 194 
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Uegula 
Kektic 



I of si 



o eflciency, 53 



Remedy (to) "drop," 112 
BesisCanuc, constatitan, 14D ; liquid, 

131 ; of coil, 103; ohmto, 19; 

platinoid, 145 
Resistances, lamps as, 145 
BesiiltE of teats, 62 
Ring (iron) ttanaformer, 2 
Rise in teniperaturo, 49 

Safety appliances for trflusfiirmevs, 
176 ; (iBvica, Caidew'a, 178 ; Fer- 
tauti'a, 179 ; Thomson -Houston's, 
177 
Sohukert k Co.'s transformers, 210 
Sohwartjkopff's transformers, 210 
Scotfs system, 201 
Secondary and primary coils, 9 
Series, arc-lamps in, 197 ; connection, 
190 ; glow-lamps in, 192 



Shape of < 

30 ; formula for, au 
ShocNron, testing, 167 ; metallie 

dividing, 176 
Shell and core trous formers, < 

parison between, 38, 33 
Short-circuited tiansformer, 115 
Siemana Bros, & Co. 'a transfonnort- 

214 
Siemens k Halske's tranafomiera, S( 
Simple-]>hase transformer, 201, 211 

215, 223 
Simple transformer, winding 2 
Sizes, comparative table of, 60, 621 

examples of, 60, 61 
Size, relation to efficiency, 53 
Space for winding, 83 
Spiral water tube fur cooling, 236 
Square ivire, 99 
Stress, electric, 59 
Sub-stations and liouso-lraiisfoi-merK 

180 
Sarfoce, cooling, 57 
Systems compared, 1S2 
System of honse- trans formers, 183 

Scott's, 201 ; tiiroo-wire, 199 

Table of losses, 94 ; of testa, 53 ; 9 
true powers, 156 

Taping core, 84 

Temperature, lise in, 49 

Testing "drop," 167; heat, 16^ 
induction, 183; insulation, 167 
sheet-iron, 167 ; tra.naformer, 1^ 

Tests, liallistie, 174; reanlts of, 62- 
tablcs of, 53 

The dynaniometer, 141 ; wattmetni! 
145 

Theory of wattmeter, 152 

Thicklless of cove, 83 

Transformer, balancing, 199 ; con; 
stniction of a, 83 ; Crompton's, 43 
"drop" of, 111; Ferranti's, 43 j 
For polyphase work, 40 ; heating 
of, 49 ; hedgehog, 36 ; iron rin^, 3 ; 
Eapp's, 43 ; Mordej^'s, 44 ; shoit- 
circiiited, 1 1 5 ; Westinghoui 

Transformer, winding siniplB, .a 

Trannformei's, AUgemeine Elektria^ 
tatsgesellschaft's, 231 ;arrangemeil 
of, 131 ; Brown, Boveri k Co.'h 
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215 ; Brush Electrical Engineering 
Co.'s, 219 ; core and shell, 32 ; 
Electric Construction Co.'s, 226 ; 
Ganz & Co. 'a, 222 ; house, 180, 
182 ; illustrations of, 204 ; Johnson 
& Phillips', 222 ; Lahmeyer & Co.'s, 
215 ; laws of, 10 ; losses in, 19 ; 
Maschinenfabrik Oerlikon, 223 ; 
multiphase, 204, 215 ; Niagara, 
installation of, 234 ; safety appli- 
ances for, 175 ; Schukert & Co.'s, 
210; SchwartykopfTs, 210; Sie- 
mens Bros. & Co.'s, 214 ; Siemens 
& Halske's, 204 ; simple pliase, 
204, 210, 215, 223 ; testing, 163 ; 
three-phase, 204, 210, 223, 233; 
types of, 34, 35 ; usual types of, 
39 ; "VVestinghouse Electric Manu- 
facturing Co.'s, 233 

Thin plates, use of, 21 

Three -amperemeter method, 160 ; 
voltmeter method, 157 ; wire 
system, 199 

Thomson-Houston safety device, 177 

Time rate of change, 1, 2 

Tube (spiral, water) for cooling, 236 



Use of clock diagram, examples of, 
104, 105 ; oil, 49 ; thin plates, 21 

Value, instantaneous, 13, 66 
VariatioiLs, periodic, 65 
Varnish, insulation, 99 
Voltage, calculations for, 12 ; "drop," 
117 

Water flow compared to magnetic 

ilux, 4 
Wattmeter for measuring power, 145 
Weights of cores, 88 
Westinghouse Electric Manufacturing 

Co.'s transformers, 233 
Westinghouse transformer, 42 
Winding, 88, 89 ; for low pressure, 

55 ; forunila for, 86, 87 ; primary, 

84 ; space, 83 
Wire, covering copper, 99 ; square, 99 
Working diagram of transformer 

having leakage, 113 
Working, economy in, 95 ; on open 

circuit, 104 ; under load, 107 

Yokes, 99 
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